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iAbstract
In orbit, finding the ‘bottom’ of your coffee cup is a non-trivial task. Subtle forces
often masked by gravity influence the containment and transport of fluids aboard
spacecraft, often in surprising non-intuitive ways. Terrestrial experience with capil-
lary forces is typically relegated to the micro-scale, but engineering community expo-
sure to large length scale capillary fluidics critical to spacecraft fluid management de-
sign is low indeed. Low-cost drop towers and fast-to-flight International Space Station
(ISS) experiments are increasing designer exposure to this fresh field of study. This
work first provides a wide variety of drop tower tests that demonstrate fundamental
and applied capillary fluidics phenomena related to liquid droplets and gas bubbles.
New observations in droplet auto-ejection, droplet combustion, forced jet combus-
tion, puddle jumping, bubble jumping, and passive phase separation are presented.
We also present the Capillary Beverage Experiment on ISS as a fun and enlightening
application of capillary fluidics where containment and passive control of poorly wet-
ting aqueous capillary systems is observed. Astronauts are able to smell their coffee
from the open stable container while still drinking in an Earth-like manner with the
role of gravity replaced by the combined effects of surface tension, wetting, and spe-
cial container geometry. The design, manufacture, low-g demonstrations, and quan-
titative performance of the Space Cups are highlighted. Comparisons of numerical
simulations, drop tower experiments, and ISS experiments testify to the prospects of
new no-moving-parts capillary solutions for certain water-based life support opera-
tions aboard spacecraft.
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1Chapter 1
Introduction
1.1 Large Length Scale Capillary Fluidics
Capillary fluidics is the study of fluid phenomena where body forces are negligible and
capillary forces play a significant role in fluid behavior. Such flows are characterized
by the ratio of body forces to surface tension forces, defined as the Bond number,
Bo= ∆ρaR
2
σ
¿ 1, (1.1)
where∆ρ is the density difference between two fluid phases, a is the local acceleration,
R is a characteristic surface length scale, and σ is the surface tension.
Capillary fluidic phenomena are encountered when Bo≤ 1. Such conditions occur
in micro-scale flows on earth where R is small and aboard spacecraft at larger length
scales where a is small. The research results presented herein apply to both regimes,
but unique access to low-g facilities such as a drop tower and the International Space
Station (ISS) skew the focus towards large length scale applications only found aboard
spacecraft. The opportunity to study large length scale capillary fluidics is relatively
rare. As a result, there is ample opportunity for new observations. New modeling soft-
ware, such as SE-FIT [1], allow researchers to compile exhaustive data sets of capillary
2surfaces. Drop towers are more accessible then ever before, enabling a more natural
inquiry-driven approach for high quality microgravity research. As the barriers to en-
try are lowered, fast, low-cost exploratory research becomes routine. Combined with
rapid prototype methods of manufacturing such as laser cutting, 3-D printing, and
CNC milling, experiment design, fabrication, and testing cycles are highly compressed.
For longer duration experiments, access to the ISS is increasing, providing researchers
new opportunities to investigate new phenomena and demonstrate new technology
related to critical low-g dominated processes involving material science, fluid physics,
combustion, fundamental physics and numerous applications relating to life support
required for human space exploration. The rare yet increasingly easy access to micro-
gravity research makes the often startling results well-suited for STEM-education and
outreach to the public. In collaboration with NASA GRC and as a component of this
research a web-based drop tower research outreach program called Capillary Effects
on Liquids Exploratory Research Experiments (CELERE) [2–5] was initiated. Through
NASA announcements high school students submit designs for capillary flow experi-
ments in a drop tower. Participating students are required to design their own test cells
using CAD tools, and submit designs electronically which are then laser cut and tested
in the Dryden Drop Tower (DDT). The video results are posted to the web and the stu-
dents are encouraged to use image analysis software to digitize their data and draw
meaningful conclusions in a summary report. Over the past 4 years, 28 organizations
have participated from around the world with over 100 unique experiments. My role
in the program was to establish the low-g experimental guidelines for the program, de-
velop the CAD templates, tutorials and student-teacher guide books, laser cutter fabri-
cation, drop rig preparation, drop test and data catalog and upload. More information
3on CELERE can be found online [6] and in Appendix A.
1.2 Thesis Contents
The remainder of this brief chapter provides descriptions of the microgravity research
facilities used to conduct experiments, software used to model the applicable fluid me-
chanics, and software used in the data reduction. These are elements of the work that
do not fit well within subsequent chapters which are more suited to stand-alone jour-
nal articles. The reader may wish to skip to Chapter 2 to bypass this more background
material. Chapter 2 provides a brief overview of large length scale capillary fluidic phe-
nomena observed using a drop tower. Novel and frequently beautiful and fun demon-
strations point to direct applications for drop tower and microgravity research. The
Chapter 2 work is a continuation of earlier research by Wollman and Weislogel [7]. Not
a single equation or data plot appears in the journal article version of this work, but
rather a collection of over 20 new observations in low-g capillary fluidics [7, 8]. Chap-
ter 3 focuses on one of the practical applications of capillary fluidics – passive phase
separation. The capillary migration of a confined bubble in a wedge following a step
reduction of gravity is examined in drop tower tests, computational fluid static mod-
els using SE-FIT, and computational fluid dynamic models using Star CCM+ [9, 10].
This chapter discusses work performed in support of the Capillary Channel Flow (CCF)
experiments conducted aboard the International Space Station (ISS) and a new pre-
built model which has been added to the SE-FIT pre-built geometry library. Chapter 4
introduces the Capillary Beverage experiments designed, fabricated, flight certified,
launched, and conducted on the ISS during this work. Details of the Space Cup de-
sign and development of the Capillary Beverage payload are provided. The results of
4experiments conducted with comparisons to CFD models verifying the Space Cup’s
performance are discussed.
1.3 Essential Tools Overview
This section provides an overview of the experimental and numerical means and
methods employed in this work. Microgravity research facilities are introduced with a
focus on drop towers and ISS free fall facilities. The section concludes with an overview
of image analysis software used to digitize and reduce the image data.
1.3.1 Microgravity Research Facilities
Scientists and researchers interested in studying low gravity phenomena [11–21], and
in particular fluid transport [22–26], two phase flow [27–29], evaporation [30], heat
transfer [31], boiling [32,33], thermocapillarity [34,35], solutocapillarity [36], and other
capillarity-driven flows [37–39] use freefall microgravity research facilities [40–42].
Four major facilities enable microgravity environments via freefall: low Earth orbit
[43], sounding rockets [44], parabolic flight [45], and drop towers [46]. Brief summaries
of these facilities’ function, benefits, and limitations are provided in [47]. The two rele-
vant facilities for this work in particular are drop towers, namely the 2.1 s Dryden Drop
Tower facility at Portland State University (Fig. 1.1) and the International Space Station.
Drop Towers
The most accessible facilities for low-cost access to low-g environments are drop tow-
ers. Despite their short test duration, drop towers provide researchers with high quality
microgravity environments and well-controlled initial conditions. They provide a near
5step reduction in effective gravity level allowing for a wide range of often unearthly ob-
servations of large length scale capillary phenomena. Unique balances of inertia and
surface tension forces permit observations of enormous systems despite the short du-
ration usually afforded by a drop tower (i.e. typically less than 10 s) [28, 45, 48–53]. For
example, in the absence of significant body forces (Bond number Bo¿ 1) a balance of
inertia and capillarity gives RDT ∼ (σt 2DT/ρ)1/3, where RDT is the maximum character-
istic dimension of the capillary surface, g is the local acceleration level, and tDT is the
effective free fall time of the drop tower. RDT is the largest-sized system in which one
might expect to observe a capillary response in the drop time available tDT. Partici-
pating liquid volumes are therefore estimated via ∀DT ∼ R3DT = σt 2DT/ρ. For example,
water in a drop tower with tDT = 2.1s such as the DDT [53], we estimate RDT ∼ 65 mm
such that ∀DT ∼ 300 ml. This volume is 10,000 times larger than a large raindrop typi-
cally used in 1-g tests, where ∀1g ∼ 0.03ml (assuming R1g = 2 mm). In this way, ‘enor-
mous’ capillary fluidic bodies may be studied using drop towers for both fundamental
and applied purposes.
Additionally, the slow response of the large scale systems allows routine high-
definition (HD) imaging with low cost commercial cameras as measured by the time
response ratio ∼ (RDT/R1g )3/2 ≈ (65/2)3/2 = 185. For example, video images presented
herein are recorded between 60 and 15,000 fps. The effective frame rates required for
such tests conducted in a terrestrial environment (×185) are approximately 11,000 and
2,800,000 fps, respectively. The latter frame rates at high definition are currently pro-
hibitive to most investigators. Thus, aspects of complex dynamic phenomena such as
interface breakup, rupture, de-wetting, impacts, splashing, rebounds, etc. may be far
easier to resolve employing large capillary systems in low-gravity environments.
6Figure 1.1: The DDT spans all 6 stories of the Northwest Center for Engineering, Science
and Technology at the Maseeh College of Engineering and Computer Science at Portland
State University.
With over 6000 drops conducted in 5.5 years for capillary fluidics research, the DDT
is currently one of the most efficient drop towers in the world. Details of the tower per-
7formance, operation, and various experiments can be found in [7, 47]. In short, an
experiment rig (ER) freely falls inside a drag shield (DS). During the 2.1 s freefall im-
ages of the phenomena under investigation are frequently recorded using an HD cam-
corder. The falling payload is passively slowed by a conducting fin that glides through a
strong parallel magnetic field and comes to rest on foam pads at the base of the tower.
A Typical acceleration history for the experiment rig can be seen in Fig. 1.2.
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Figure 1.2: Averaged drop tower acceleration history with noted events: (1) DS and ER re-
lease, (2) 2.1 s low-g period where a < 2×10−4go, (3) ER lands in DS, (4) DS enters magnets
and achieves peak deceleration∼ 15go, (5) DS achieves terminal velocity in magnets∼ 1go,
and (6) DS lands on foam padding ∼ 2go.
ISS
Portland Statue University’s cooperative agreement with NASA has enabled use of the
International Space Station (Fig. 1.3a) as a low earth orbit microgravity research fa-
cility. The NASA-PSU ISS Tele-Science Center (Fig. 1.3b) provides academic and in-
dustry researchers a live connection to the ISS through 6 KU-band channels for live
video down-link and S-band channels for space-to-ground voice communication and
8telemetry. This connection enables both crew-operated experiments and robotic com-
manded experiments to be conducted in space, but controlled from the ground. The
Capillary Flow Experiments (CFE), Capillary Channel Flow (CCF), and Capillary Bev-
erage (CapBev) experiments described herein, are conducted using the Tele-Science
Center. For crew-operated experiments, such as CFE and CapBev, direct communica-
tion with the astronauts during operations conveys a feeling that the researcher on the
ground is present in the space laboratory.
a b
Figure 1.3: Experiments conducted aboard the (a) the ISS in low Earth orbit are guided
from (b) NASA-PSU ISS Tele-Science Center on the ground.
1.3.2 Numerical Modeling Tools
SE-FIT
SE-FIT is an open source front end graphical user interface (GUI) for the Surface
Evolver (SE) algorithm [1]. A screen shot of the latest version GUI is shown in Fig. 1.4.
The SE solver is used to seek minimal potential energies for static interfaces using the
gradient decent method [54]. It is used to study both the shape and stability of free sur-
faces. Fig. 1.5 is a visualization of such a procedure for a confined bubble in a wedge
9discussed in greater detail in §3.3.
Figure 1.4: SE-FIT GUI
go
Figure 1.5: SE-FIT solution procedure applied to a confined bubble in a wedge container
with gravity.
SE-FIT improves the facility of the SE algorithm as well as provides additional tools
such as a Parameter Sweep Function (PSF) which automates solution runs by sweep-
ing through vast geometric, fluid property, and gravitational parameters or variables
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set by the user. A plot of energy versus iteration throughout a typical PSF run is shown
in Fig. 1.6. A step change in energy is observed as the parameter under investigation is
changed per operator selection. The energy is minimized using a combination of mesh
refinements and other energy minimization algorithms. Once the solution converges,
the parameter increments automatically to the next value and the process is contin-
ued for each parameter value in the run batch. Thirteen minimum energy states are
observed in Fig. 1.6 identified by the horizontal portion of the curve. The convergence
criteria is prescribed by the user.
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Figure 1.6: SE-FIT energy output plot throughout a typical PSF run. The step change in
energy results from the key parameter changing after the previous run converges to an
acceptable minimal energy state.
The PSF allows researchers to compute and observe large data sets of equilibrium
capillary interfaces. Additional scripts enable SE-FIT to output important data from
each configuration such as center of mass, maximum extents (envelope), pressure, and
energy of the system. These data are plotted against the swept parameter which sheds
light on relationships between them and guides analytic and engineering model de-
11
velopment. The solution mesh of the SE-FIT model can be exported as an .stl file for
further use in CFD simulations as initial conditions. Extensive use of the PSF feature is
described in Chapter 3.
Computational Fluid Dynamics (CFD)
Star CCM+ is a commercial CFD package by CD-adapco capable of solving a variety
of problems including transient 3D multiphase flow using the volume of fluid (VOF)
method and the SIMPLE algorithm. The user needs only supply the domain, and
wisely specify which models, boundary conditions, and initial conditions to employ.
Appendix B and the Star CCM+ user guides [9, 10] contain details of equations, han-
dling of boundary conditions, and algorithm implementation. In this work, the bubble
migration simulation of chapter 3 is used to benchmark parameters and models used
for capillary fluidic simulations of the Space Cup in chapter 4.
1.3.3 Data reduction tools
Spotlight-16 is an image analysis software specifically designed for microgravity com-
bustion and fluid physics experiments [55]. Users can automate image enhancement,
digitize images, locate liquid interfaces, and record their location in a file that can
be imported into plotting software. This is done by using several tracking tools. The
two tracking tools used in this work are the automated threshold tracking and manual
tracking tool. Spotlight adjusts poorly lit images to better resolve subtle details of con-
tact line and fluid interface locations with various manually selected filters depending
on the lighting conditions of each test. The software automates the application of the
filters to an entire image sequence. Various filters and edge detection techniques are
12
used to increase liquid interface contrast allowing for the use of the automated thresh-
old tracking. Full documentation of Spotlight tools is provided in [55].
13
Chapter 2
More Investigations in Capillary Fluidics Using a Drop Tower
2.1 Introduction
In a previous article by Wollman and Weislogel [51], a variety of new observations
were demonstrated that exploit the unique characteristics of a drop tower as an ex-
perimental facility for the study of capillary macro-fluidics. We demonstrated several
unique capillary fluidic effects that might be further exploited for subsequent study:
spontaneous drop ejection (‘auto-ejection’), bubble ingestion (‘auto-ingestion’), parti-
cle injection from liquid surfaces, particle ejection from liquid surfaces, and a variety
of passively generated two-phase flows. In the continuation of that work we provide
additional observations of auto-ejection before demonstrating how it might be used
to study other phenomena such as low-g ‘sprays’ and droplet combustion. We then
provide new demonstrations of droplet ejection from hydrophobic surfaces. Because
such drops can be quite large we dub the phenomena as ‘puddle jumping.’ We provide
a variety of demonstrations supportive of droplet management, droplet impact, and
containerless processing investigations.
14
2.2 Auto-Droplet Ejection (Auto-Ejection)
It has been shown that spontaneous rise in a capillary tube can lead to the auto-
ejection of droplets if the tube contains a converging nozzle [51, 53]. Fig. 2.1 details a
typical auto-ejection drop tower test. A circular tube partially submerged in a reservoir
of perfectly wetting (contact angle θ = 0◦) Polydimethylsiloxane (PDMS) is placed on a
stage between a light source and an HD camera. Upon a step reduction in gravity, liq-
uid rises along the tube, is accelerated in a nozzle, and emits a short jet which ruptures
ejecting a single drop. Different tube and nozzle dimensions and geometries produce
a variety of ejection types. Test fluid properties and tube dimensions employed are
listed in Tables 2.1 and 2.2.
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Figure 2.1: Schematic of flow geometry (a), experiment setup (b), and image sequence (c)
of a typical droplet ejection drop tower test. (a) A circular tube of length L and radius R
with a nozzle of radius Rn is partially submerged in a liquid bath of test fluid with contact
angle θ. Upon the step reduction of gravity go liquid will rise along the tube `(t ) at a mean
velocity U (t ). (b) The partially submerged tube is (1) centered in a liquid bath (2) placed
on the experiment rig (3) between the camera (4) and back light (5). (c) Image sequence
of perfectly wetting 2 cSt PDMS rising along tube number 1 (Table 2.2), accelerating in the
nozzle, and auto-ejecting a jet which pinches off a single 0.66 ml droplet traveling at 0.07
m/s.
As shown in Fig. 2.2, transient jets producing single, double, and up to 6 or more
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Table 2.1: Nominal properties of test fluids Polydimethylsiloxane (PDMS) and water.
Fluid
ν±2% ρ±5% σ±5% µ±5%
(cSt) (kg/m3) (kg/s2) (kg/m s)
Corning 200 PDMS [56]
0.65 760 0.0159 0.000494
1 816 0.0174 0.000816
2 872 0.0187 0.001744
5 913 0.0197 0.004565
10 935 0.0201 0.00935
20 949 0.0206 0.01898
Water (20◦C) [57] 1 998 0.0727 0.001002
Table 2.2: Dimensional details for tubes used in auto-ejection tests.
Tube Tube Tube Tube Nozzle Radius Contraction Fig.
No. Material Length Radius Radius Ratio Angle Ref.
L (mm) R (mm) Rn (mm) C α (◦)
1 glass 60.4 10.1 5.0 0.5 31
Figs. 2.1c
& 2.5
2 polystyrene 62.3 5.1 3.6 0.7 8
3 polystyrene 57.5 5.1 2.9 0.6 8
4 polystyrene 70.4 5.1 2.1 0.4 8
5 polystyrene 72.9 5.1 1.4 0.3 8
Fig. 2.2
6 glass 5.0 0.8 0.4 0.5 43 Fig. 2.3a
7 glass 110.0 12.5 5.0 0.4 15 Fig. 2.3b
8 glass 51.5 7.3 3.8 0.5 44 Fig. 2.4
9 ABS 60.4 2.5 1.5 0.6 90 Fig. 2.6
drops may be produced in such flows for a variety of fluid properties and tube dimen-
sions provided the Weber number We≡ ρU 2R/σ& 12/C 3, where U is the characteristic
fluid velocity, R is the tube radius, and C = Rn/R is the ratio of nozzle radius to tube
radius.
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Figure 2.2: Four nozzle geometries simultaneously auto-ejecting 0.65 cSt PDMS 1.08 s into
a single drop tower test. Tube numbers listed correspond to those referenced in Table 2.2.
Such flows have been subsequently investigated numerically by Mehrabian and
Feng [58] who suggest We > 3.4 f (Le ), where f (Le ) = 1+ 0.8/Le , the effective length
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Le = RC (1−C )2/tanα+C 2(L+7R/6), and α is the nozzle contraction angle. As shown
in Fig. 2.3, the auto-ejection of drops of volume as low as 1.7 nl at 1.12 m/s (indicated
by arrow) have been demonstrated in terrestrial experiments and up to ≈ 2.6 ml drops
at 0.076 m/s have been achieved in tests performed aboard the International Space
Station. As highlighted in [51], a wide range of drop volumes between 6 nl and 1.0 ml
and ejection velocities between 0.005 and 2.4 m/s are reported for drop tower tests
conducted to date.
a b
1 mm 10 mm
go
Figure 2.3: Sample breadth of auto-ejection from tests performed at (a) 1go and (b) aboard
the International Space Station (ISS) 10−6go. (a) A 1.7 nl PDMS droplet (arrow) ejected at
1.12 m/s followed by a 36 nl droplet ejected at 0.106 m/s on bench top terrestrial experi-
ment using small tube number 6. A bubble is entrapped near the nozzle entrance. (b) A
2.6 ml water droplet ejected at 0.076 m/s from tube number 7, which was manufactured
aboard the ISS by NASA astronaut Don Pettit during Expedition 30/31.
The complexities of high rate auto-ejection phenomena is well illustrated in the
single drop test of Fig. 2.4, where a concave nozzle produces a single primary 0.97 ml
droplet ejection preceded by ingestion of a gas bubble and much smaller high speed
capillary wave induced drop ejections of order 0.006 to 0.6 µl. A cascade of drop sizes
and velocities is observed in such cases. Mehrabian and Feng [58] suggests prelimi-
nary ejection occurs for nozzle contraction angles α≥ 45◦. We show qualitative agree-
ment in Fig. 2.4, however the velocities of the jet and preliminary droplet ejections are
19
greater in number and orders of magnitude faster and smaller then those numerically
modeled.
c d ea b
10 mm
∆t =
0.083 s 0.037 s 0.177 s 0.230 s
Figure 2.4: Perfectly wetting 0.65 cSt PDMS (a) rises spontaneously along tube number 9
during a drop tower test. (b) The contact line pins at the outlet of the 3.6 mm long, 7.5 mm
diameter circular nozzle. The rising column of liquid behind the meniscus flattens the
meniscus and a capillary generated inertial wave travels radially inward toward the cen-
ter of the tube at ∼ 0.9 m/s. (c) The wave collides with itself, constructively interferes,
traps a bubble in the nozzle, and shoots two opposing liquid jets (geysers) parallel to the
tube axis. The jet shot downward into the bubble is rapidly damped by the rising liquid.
The jet shot upward out of the tube travels 2.4 m/s and pinches off into roughly 10 each
O
(
0.006−0.6 µl) droplets (arrows indicate first 5). We call this event ‘capillary-inertial-
wave ejection’ as commonly observed in forced drop/jet printing operations. (d) Mean-
while the bulk liquid flow accelerates in the nozzle via Bernoulli’s principle, overpowers
the surface tension forces now acting in the opposite direction due to the inverted menis-
cus, and produces a 17.4 mm long jet of liquid that breaks up into (e) a single 0.97 ml drop
traveling at 0.01 m/s. Image sequence is taken from camera footage captured at 15,000 fps.
Repeat results for 10 nearly identical tests are shown immediately after pinch off in
Fig. 2.5 for 5 cSt PDMS in a 60 mm long 20.2 mm ID tube with 10 mm diameter nozzle
(see Table 2.2). For these conditions, nearly stationary (. 0.01 m/s) ejected drops of
volume 2.11±0.13 ml are ejected 1.77±0.08 s into tests.
20
20 mm
Figure 2.5: First frame after pinch off of repeat tests showing ejected 2.11±0.13 ml 5 cSt
PDMS droplets auto-ejected from tube number 1. Pinch off occurs at 1.77± 0.08 s into
tests.
2.3 Sample Auto-Ejection Demonstrations
2.3.1 Droplet Swarms
With the general auto-ejection design guidelines in hand [53, 59], passive droplet ejec-
tors may be developed for any number of drop tower investigations. Trevor Snyder of
3D Systems provided the FDM 3D printed ABS 10 x 10 nozzle array in Fig. 2.6a which
generates over 400 droplets for a low-g spray study [60]. In Figs. 2.6b and c the same ar-
ray is employed to investigate drop swarm impacts on smooth and textured surfaces,
respectively. Data from such tests provides statistical information for the design of
droplet-laden flows common in life support systems for spacecraft such as condensing
heat exchangers and spacecraft firefighting equipment. Nozzle arrays with tube diam-
eter and tube length distributions provide a wide range of simultaneous drop vectors,
velocities, densities, diameters, temporal distributions, and more.
21
a
10 mm
b c
Figure 2.6: (a) Droplet swarm of 0.65 cSt PDMS auto-ejected from a 10 x 10 array of 3D
printed 60.4 mm long, 5 mm ID tubes capped with 3 mm diameter nozzles (tube number
9) produced by liquid jets that break up into approximately 4 ∼ 4.2 µl droplets. Image
at 1.02 s into drop tower test. (b) Droplet swarm of 2 cSt PDMS auto-ejected from same
10 x 10 array impacting a smooth PMMA plate. The first large droplets impinge on much
smaller preliminary drops and adhere to the plate providing a surface for subsequent drops
to impact and rebound, impact and partially coalesce, or impact and coalesce depending
on impact velocity and angle. Image at 1.05 s into drop tower test. (c) Droplet swarm of
2 cSt PDMS auto-ejected from same 10 x 10 array directed toward a 3D saw-tooth featured
‘rough’ surface. The surface is designed to capture and hold incoming droplets of which it
succeeds 99.7%. Image at 0.8 s into drop tower test.
2.3.2 Droplet combustion
Because auto-ejection is simple, passive, and highly repeatable it is an obvious choice
as a method for droplet deployment in low-g drop tower investigations. As an exam-
ple, we highlight an application of the method to the study of translating droplet com-
bustion. Fig. 2.7 details the components and dimensions of an asymmetric U-tube
channel used to auto-eject droplets horizontally. The tube is a rectangular passageway
created by stacking 5 laser cut sheets of 3 mm thick PMMA. A vent allowing the large leg
to breathe is identified in Fig. 2.7b. The middle layer is opaque black and the test cell is
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backlit during drop tower tests. Fig. 2.8 shows the U-tube ejector partially-filled with a
wetting liquid, in this case combustible 0.65 cSt PDMS (ref. Table 2.1). The step reduc-
tion of gravity during the drop tower test enables the narrower leg with higher capil-
lary curvature to be passively driven toward the narrower leg exit. The 3D-printed ABS
nozzle at the exit assures horizontal auto-ejection as shown in Fig. 2.8. Well-controlled
single-, double-, or trains of drops are readily established at any orientation using this
approach.
Transparent PMMA (TP)
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Transfer Tape (TT)
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Opaque PMMA
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Figure 2.7: (a) Exploded isometric view of U-tube droplet shooter CAD model with mate-
rial specified. (b) Orthographic front and section view of assembled U-tube channel. Key
dimensions (in millimeters) are provided and air vent (in and out of the page) is labeled.
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12 mm
go
t = 0 s 0.17 s 0.33 s 0.53 s 0.68 s
Figure 2.8: Image sequence of U-Tube droplet shooter during drop tower test. The 3:1
curvature ratio between the two sides of the U-tube provides sufficient capillary pressure
difference to pump the liquid along the small tube where it is accelerated in the nozzle
ejecting a single 15 µl droplet of 0.65 cSt PDMS horizontally at 0.021 m/s. Select images at
time t = 0, 0.17, 0.33, 0.53, and 0.68 s are shown after onset of weightlessness.
In Fig. 2.9 the same U-tube channel of Figs. 2.7 and 2.8 aims at a lit candle. Fol-
lowing release of the experiment into freefall the spontaneous capillary flow displaces
combustible gas ahead of the narrow channel meniscus. This gas forms a jet that
reaches the candle and immediately back-ignites the nozzle, during which time the
candle often self-extinguishes due to the lack of buoyancy during the drop test. When
the liquid eventually auto-ejects, an ignited droplet emerges that traverses horizontally
across the field of view. Flame front dynamics, combustion rates, drop velocities, com-
bustion products, extinction limits, and other characteristics of the convective low-g
combustion process are readily identified from such experiments [61, 62].
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20 mm
t = 0 s 0.07 s 0.13 s
0.20 s 0.27 s 0.33 s
0.40 s 0.47 s 0.53 s
Figure 2.9: Ignition sequence of perfectly wetting 0.65 cSt PDMS ejecting horizontally to-
ward and through a candle flame from a U-tube.
As examples, flame front profiles as functions of droplet speed are shown in
Fig. 2.10, while the unsteady ‘flickering’ fate of a small droplet near the extinction limit
is shown in Fig. 2.11.
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b
c
5 mm
Figure 2.10: Different flame shapes and solid soot trails of lit 2.3 µl 0.65 cSt PDMS droplets
traveling at (a) 0.153, (b) 0.099, and (c) 0.018 m/s. Droplets moving across field of view left
to right.
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5 mm
t = 0.93 s 0.97 s 1.00 s 1.03 s 1.07 s
Figure 2.11: Self-extinguish of an initially 0.08 µl 0.65 cSt PDMS droplet traveling at
0.021 m/s. A 0.14 mm diameter soot shell encapsulating the liquid drop is identified by
arrow at right. Images sequence shown at 30 Hz.
An interesting feature of such tests is the soot trail that forms in the wake region
of the drop. Without the mixing effects of natural convection the electrically charged
soot forms a rigid tube behind the drop as if extruded during the combustion pro-
cess. The tube may bend, buckle, flatten, and fracture due to mechanical and hydro-
dynamic forces that are most pronounced during the 14go impact at the end of the
drop tests. Such structures are collected for further study. In most cases SEM/TEM
images of the tubes reveal a charged fractal carbon structure within the tube walls as
shown in Fig. 2.12 for a flattened tube.
a b c d
50 µm 25 µm 2.5 µm 0.25 µm
soot
tube
Figure 2.12: SEM/TEM images of a flattened, fractured, and crushed soot tube generated
while burning an auto-ejected 0.65 cSt PDMS droplet in microgravity conditions. Length
scales provided with each image of increasing resolution.
Impacts of combusting droplets produced by the auto-ejection mechanism are also
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observed. In Fig. 2.13 a burning drop is extinguished as it nears and impacts a wall, the
soot tube anchoring to the wall in the process. In Fig. 2.14, the oblique auto-ejection of
a burning droplet into a parallel slot of preheated steel plates illustrates how such com-
busting droplets bounce from certain surfaces in a manner reminiscent of Leidenfrost
behavior [63]. The droplet path line is shown using a white dashed line. The rigid soot
tube cannot follow this trajectory and is forced to bend where it is observed to thin,
buckle, and tear. We also note that the droplet appears to extinguish prior to impact
with each wall, only to glow brightly as it moves away from the wall.
10 mm
t = 0.70 s 0.73 s 0.77 s 0.80 s 0.83 s 0.87 s
Figure 2.13: Extinguishment of a 2.3 µl 0.65 cSt PDMS droplet impacting a wall at
0.153 m/s. The droplet impacts, spreads, and adheres itself to the wall. The solid soot
trail is driven into the wall behind the droplet by inertia, and often buckles. In some cases
the combusting drops rebound off the wall. Image sequence shown at 30 Hz.
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10 mm
Figure 2.14: Lit 2.5 µl 0.65 cSt PDMS droplet bouncing between two preheated parallel
steel plates. The initial droplet velocity of 0.100 m/s slows to 0.080 m/s as energy is lost
at each impact. The soot trail is not flexible and breaks near the wall where the lit drop
reverses direction. The flame also appears to die out when the drop is close to the wall
further weakening the soot tube.
2.4 Puddle Jumping
The auto-ejection mechanism provides a simple, low-cost, passive, repeatable, and
variable droplet-on-demand method for uniquely large droplet dynamics investiga-
tions using drop towers. It is enabled by the step reduction in g-level afforded by the
drop tower. However, it does not function for poorly wetting or poorly non-wetting flu-
ids with large contact angle hysteresis. For highly non-wetting fluids we demonstrate
what we call the ‘puddle jumping’ auto-ejection approach.
In Fig. 2.15d, a 10 ml ‘puddle’ of water is placed on a laser etched PTFE-coated
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PMMA sheet with effective contact angle θ ≈ 148◦. The system is placed on a stage and
dropped in the drop tower. As the liquid seeks a free interface shape of constant cur-
vature it de-wets from the surface kicked off by its own inertia and the vertical asym-
metry due to the presence of the wall, in effect, performing an auto-ejection function.
This process was first reported for immiscible liquids (mercury in HCl) in drop tower
tests performed by Kirko et al. [64]. The process is similar to the second half of droplet
bounce phenomena from super hydrophobic surfaces [65]. Many of the experimen-
tal results shown herein were presented by Weislogel [66]. A numerical investigation
is pursued by Zhang et al. [67]. Brently Wiles of Portland State University, supported
many of the puddle jump drop tower tests. Trevor Snyder of 3D Systems provided the
MJP super-hydrophobic curved bowls used for puddle and bubble jump test.
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t = 0 s 0.07 s 0.13 s 0.20 s 0.27 s
d
25 mm
0.33 s
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U (t ) Ro
Figure 2.15: Schematics (a and b), experiment setup (c), and image sequence (d) of a typ-
ical puddle jump drop tower test. (a) Before the onset of microgravity, a water puddle of
volume Vd is resting on a laser etched PTFE-coated PMMA hydrophobic surface where the
contact angle θ > 130◦. The radius of curvature of the surface R2 is indicated. (b)Upon
the step reduction of gravity go , the liquid puddle will seek its spherical minimum energy
configuration of radius Ro and velocity U . (c) The liquid puddle (1) centered on a super-
hydrophobic surface (2) placed on the experiment rig (3) between the camera (4) and back
light (5). (d) Image sequence of a 10 ml dyed water puddle initially at rest on a laser etched
PTFE-coated PMMA hydrophobic surface. Upon entrance into the free fall state of the
drop tower test a capillary wave rolls up the puddle colliding at its center. Inertia gener-
ated during the process is sufficient to kick the ‘droplet’ off the surface.
For a 2.1 s drop tower and for predominately aqueous solutions with contact an-
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gles & 130◦ we demonstrate drop jump with volumes between 0.2 and 400 ml with
velocities between 0.020 and 0.120 m/s respectively. The free surface shape plays a sig-
nificant role in the drop recoil and jump dynamics. For example, a 100 ml drop jumps
within approximately 1.7 s at 0.023 m/s from a bowl coated with a non-wetting sand in
Fig. 2.16.
50 mm
t = 0 s
go
0.33 s 0.66 s 1.00 s 2.01 s
Figure 2.16: A 100 ml water droplet jumps from sand (silica sand exposed to dimethyloc-
tadecylchlorosillane vapors) impregnated putty coated bowl (θ ≈ 147◦) [68].
From a flat surface such a drop jump requires τ ∼ (ρVd /σ)1/2 = 1.7 s and leaves at
Umax ∼
(
σg /ρ
)1/4 = 0.164 m/s. Thus, one may tune the jump velocity for a variety of
experiments. A single drop tower test of four drops of equal volume jump from identi-
cal substrates of varying curvature shown in Fig. 2.17. For water we find that the jump
velocity is U ≈R/8 m/s, where the dimensionless dish curvatureR ≡ 1−Ro/R2, and
where Ro is the radius of a spherical drop of volume Vd , and R2 is the spherical radius
of curvature of the dish [69].
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25 mm
Figure 2.17: (a) Four 1 ml water droplets jumping out of PTFE-coated MJP 3D printed
super hydrophobic curved bowls. From left to rightR = 0.2, 0.4, 0.6, and 0.8 and U = 0.022,
0.047, 0.080, and 0.102 m/s. Overlaid images shown at 10 Hz from just before onset of
microgravity till 1.5 s into drop tower test. (b) Sectional views of the bowls, feature details,
and key dimensions (in millimeters).
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2.4.1 Minimum Drop Jump Volume
Provided the surface is sufficiently hydrophobic, in the Cassie state the drop will
jump if the drop volume Vd is large enough. The drop volume serves as an indirect
measure of Bond number Bo = ρgV 2/3/σ which in general must rapidly transition
(t ¿ (ρV /σ)1/2) from Bo & 1 to Bo ¿ 1 during the drop tower test. A sample profile
image of a typical Cassie state hydrophobic initial condition is shown in Fig. 2.18 for a
0.025 ml drop (Bo= 1.2).
3 mm
Figure 2.18: A 0.025 ml drop of water on PTFE-coated laser etched PMMA surface.
In Fig. 2.19 is shown a sample drop tower test for drops of varying volume on a
single surface. Following the release of the experiment the largest drop jumps while
the others do not. For water with contact angle θ ≈ 138◦ we find a minimum drop
volume below which drop jump does not occur, 0.03.V . 0.1 ml; 0.5.Bo. 1.5.
34
10 mm
t = 0 s 0.33 s 0.67 s
go
Figure 2.19: Drop jump volume threshold for water droplets of Vd = 0.1, 0.03, and 0.005 ml
and Bo= 1.5, 0.5, and 0.2 left to right. Images shown at 30 Hz.
2.4.2 Drop Jump Time Scale, Maximum Puddle Volume and Speed
Experiments performed with large puddles corroborate the scale result for the time to
roll-up and jump off the surface as td ∼ 2.6(ρR3d /σ)1/2 [65]. When td = tDT , the max-
imum drop volume that may be ejected from a surface for the particular drop tower
(DT ) is reached. For example, we find for our 2.1 s drop tower that the maximum
water drop jump volume is 400 ml, which is representative of our scaling estimate of
VDT ∼σt 2DT /ρ ∼ 300 ml for water. Maximum puddle jump speeds are estimated using
Umax ∼
(
σg /ρ
)1/4 ≈ 0.16 m/s, which is also consistent with maximum experimental
velocity of 0.12 m/s.
2.4.3 Drop Impacts, Rebounds, and Heat Transfer
The puddle jump mechanism is readily exploited to study large drop dynamics phe-
nomena. For example, using the general drop jump conditions of Fig. 2.15, Fig. 2.20a
presents an image sequence for a drop tower test of 1 ml dyed water drop impact-
ing and adhering to an aluminum surface with θ ≈ 58◦. The influence of the contact
line boundary conditions on the natural frequency and damping rate of the impacting
drop are key to predicting such characteristics in large capillary systems that cannot be
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studied in terrestrial labs, but are common aboard orbiting spacecraft. In Fig. 2.20b the
impacted surface is slightly warmed resulting in the drop adhering to the aluminum
surface with θ ≈ 32◦. In Fig. 2.20c the plate is heated further and the impacting droplet
adheres and boils, with the majority of the liquid leaving the surface not by evapora-
tion, but by droplet ejection due to vapor bubble transport and rupture through the
free surface. In Fig. 2.20d the plate is heated above the Leidenfrost temperature [63]
and the impacting drop rebounds from the surface due to a shielding vapor layer at
the leading edge of the drop. While the puddle jump occurs due to hydrophobicity,
the similar drop rebound from the heated surface is due to phase change heat transfer.
In all such investigations, characteristics such as dynamic drop topology, oscillation
mode, frequency, damping, and more may be learned as functions of impact velocity,
drop volume, impact angle, wetting angle, and myriad geometric and system-specific
variables. Such experiments serve as excellent benchmarks for low-g numerical inves-
tigations.
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a
b
c
d
t = 0.80 s
t = 0.45 s
t = 0.58 s
t = 0.57 s
0.82 s 0.83 s 0.85 s 1.97 s
0.48 s 0.52 s 0.55 s 2.05 s
0.63 s 0.70 s 0.77 s 0.83 s
0.60 s 0.63 s 0.68 s 0.75 s
10 mm
Figure 2.20: The puddle jump method of Fig. 2.15 is used to impact 1 ml water droplets on
a polished aluminum surface of various temperatures in a microgravity environment: (a)
Impact and adhesion to the room temperature plate with θ ≈ 58◦. (b) Impact and adhesion
to a slightly warmed plate where θ ≈ 32◦. (c) Impact and adhesion to a further heated plate.
The drop boils ejecting large droplets due to vapor bubble transport and rupture through
the free surface. (d) Impact and rebound from a plate heated above the Leidenfrost tem-
perature. Small vapor bubbles are observed in the rebounding drop.
37
2.4.4 Reorientation of Complex Puddle Geometries
Unique control of the initial configuration of the puddle affords the study of a vari-
ety of increasingly complex capillary phenomena. Suggestive examples are presented
in Figs. 2.21 and 2.22. In Fig. 2.21 concentric liquid rings are formed around a single
droplet using a hydrophobic mold. During the drop tower test the liquid bodies jump
from the surface with a variety of outcomes. The innermost ring immediately con-
tracts, catches, and engulfs the center droplet in a similar manner as observed by Tex-
ier et al. [70]. The outer rings breakup due to the Rayleigh-Plateau instability [71–74].
All drops drift inward towards the ring axis.
250 mm
Figure 2.21: Top view of a concentric ring puddles jump of green dyed water. Images at 10
Hz (left to right, top to bottom).
A complex puddle jump is shown in Fig. 2.22 where inflections in rivulets send rup-
tured drops in different directions. Specifically, four drops are sent diagonally out-
wards at the corners while four larger spinning drops merge inwards into a nearly cen-
tered spinning blob. All liquid bodies jump away from the surface at velocities less
than that from a flat surface.
38
230 mm
Figure 2.22: Top view of a complex puddle jump from an undulating rivulet pattern of
green dyed water. Images at 7.7 Hz (left to right, top to bottom).
2.4.5 Large Droplet Fluidics
The puddle jump ejection method may also readily be applied to large drop fluidics
problems in further drop tower tests. Selections of examples are demonstrated here. In
Fig. 2.23, as in Fig. 2.14, a vertical puddle jump enters a parallel hydrophobic pathway
at an oblique angle. Coefficients of restitution are readily determined from such data
shedding light on viscous dissipation and the impact of surface topology, hydropho-
bicity, and gas phase participation for such large drops.
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Figure 2.23: (a) A 0.3 ml water droplet produced by oblique drop jump bounces between
two superhydrophobic surfaces. The drop bounces 10 times over the course of the 2.1 s
drop tower test. Overlaid images at 12.5 Hz. Red arrow indicates direction of continued
travel. (b) Overlay of images at 33 Hz reveals changes in incidence and reflection angles
for the same drop test. Over the course of 8 bounces θi +θR increases from ≈ 68◦ to ≈ 104◦
and the velocity of the drop decreases from 0.226 m/s to 0.177 m/s.
In Fig. 2.24, two jumping puddles are redirected for large drop impact studies. In
Fig. 2.25, a 3 ml puddle jumps and is redirected by a secondary hydrophobic surface to
pick-up a partially wetted item, transporting it downstream out of the field of view. A
‘bowl-less’ fish bowl is demonstrated in Fig. 2.26 also using the puddle jump technique.
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10 mm
Figure 2.24: Red and blue 3 ml jumping water droplets that rebound obliquely from two
hydrophobic surfaces. The drops then collide off center producing a tumbling container-
less mixing operation in a microgravity environment. Overlaid images at t = 0, 0.02, 0.55,
0.93 1.30, and 1.72 s into the drop tower test.
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10 mm
Figure 2.25: A 3 ml jumping puddle that is redirected to collide with a partially wetted
13 mm figurine resting on a second hydrophobic surface. Such demonstrations suggest
methods for passive low-g containerless processing. Overlaid images at t = 0, 0.20, 0.38,
0.68 0.90, 1.42 and 1.85 s into the drop tower test.
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10 mm
Figure 2.26: A neon tetra (Paracheirodon innesi) swims inside a 3 ml jumped puddle. Its
repeated decreasingly tentative attempts to swim out of the liquid drop are resisted by
surface tension forces that draw the fish back into the perfectly wetting droplet.
2.5 Bubble Jumping
The inverse problem of bubbles jumping ‘downward’ from perfectly wetting surfaces
in drop tower experiments is shown in Figs. 2.27 and 2.28. The image sequence in
Fig. 2.27 is of a 20 ml air bubble, which is initially held to the lid due to buoyancy. The
lid is 3D printed with a slight spherical curvature (R2 = 67.3 mm, R = 0.75) to assure
camera-bubble alignment. The bubble jumps off the surface with an initial velocity
U ≈ 0.190 m/s during the drop tower test. The bubble is significantly slowed to U ≈
0.120 m/s by the end of the 2.1 s test due primarily to host fluid’s inertia and viscosity.
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Figure 2.27: Schematics (a,b, and d), experiment setup (c), and image sequence (e) of a
typical bubble jump drop tower test. (a) Before the onset of microgravity, a buoyancy flat-
tened air bubble of volume Vb against a lid covering a host liquid reservoir. The radius of
curvature of the lid is R2 and host liquid contact angle with the lid is θ = 0◦. (b)Upon the
step reduction of gravity go , the bubble will seek its spherical minimum energy configura-
tion of radius Ro and velocity U . (c) The air bubble resides beneath the lid (1) capping the
host liquid reservoir (2) placed on the experiment rig (3) between the camera (4) and back
light (5). (d) Section view of spherically curved lid used in the drop tower test shown in (e).
(e) A 6.7 Hz time sequence of a 20 ml air bubble in 5 cSt PDMS host liquid. Buoyancy flat-
tens the bubble against the lid (R = 0.75) until gravitational effects are nullified. Similar to
the liquid puddle, upon entrance into free fall the vertical asymmetry of the geometry and
desire of the bubble to achieve a spherical configuration act to drive the bubble away from
the lid.
The impact of host fluid viscosity and lid curvature on the bubble jump process is
illustrated in Fig. 2.28 where still images at 1.1 s into 12 separate drop tower tests are
compared. As expected, bubble jump velocities and distances increase with decreasing
liquid viscosity and decreasing lid curvature (R→ 1).
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µ= 0.65 cSt µ= 2 cSt µ= 5 cSt µ= 10 cSt
SR31.3 mm
R = 0.75
SR15.6 mm
R = 0.5
SR10.4 mm
R = 0.25 25 mm
Figure 2.28: Comparison of 12 2 ml bubble jump drop tower tests 1.1 s after free fall begins.
Rows show increasing lid curvature (top to bottom), while columns show increasing PDMS
host fluid viscosity (left to right). The far left column shows sectional views of lids with key
dimensions.
2.6 Summary
Large droplets can be uniquely studied in reduced-gravity environments. Drop towers
provide special control of initial conditions in that gravity serves as a trigger leading to
the auto-ejection of drops from tapered tubes and puddle jumping from hydrophobic
45
surfaces. The significantly larger drop volumes produced in the low-g environment re-
sult in significantly larger capillary time scales enabling the use of low-speed (i.e. 60
fps) HD video photography to capture and quantify a wide range of important dynamic
interface behavior. The demonstrations performed herein are presented to inspire new
approaches to study both old and new problems. Both the auto-ejection and pud-
dle jump drop tower approaches provide advantages of simple, low cost, highly con-
trolled, and highly repeatable passive methods to generate droplets with volumes up
to ∼ 10,000 times larger than droplets typically studied in terrestrial laboratories. The
drops can be directed in a variety of orientations and with a variety of fluids, velocities,
and drop volumes. Capillary tube auto-ejection phenomena are limited to sufficiently
wetting systems while puddle jump phenomena are limited to sufficiently non-wetting
systems.
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Chapter 3
Capillarity-Driven Bubble Migration
3.1 Introduction
Phase separation on earth is generally trivial; gravity-induced buoyancy provides an
elegant, powerful, constant solution designers often take for granted. Fluid manage-
ment systems aboard spacecraft must rely on buoyancy achieved by subjecting the
flow to artificial accelerations to separate gas from liquid. Previous designs include
centrifuges [75], thruster firings [76], or vortical flow paths in pumped loops [77–79].
Electric, magnetic, acoustic, and other mechanisms can also generate sufficient body
or surface forces for phase separation [80–84]. These designs introduce complexities
and require maintenance that is challenging in the harsh environment of space. As
a result, bubbles plague every fluid management system aboard spacecraft with im-
pacts to the NASA technology areas such as human health, life support, and habitation
systems, thermal management systems, and in-space propulsion systems.
Capillary forces, often overpowered by gravity in ground applications, offer possi-
ble solutions to fluid management obstacles aboard spacecraft. Capillary forces arise
by exploiting the combination of surface tension, wetting characteristics, and sys-
tem geometry. These forces offer an elegant and passive mechanism for fluid con-
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trol, including phase separations. Because historical attempts to design ‘capillary-
free’ systems have proven at times challenging and ineffective [85], embracing capil-
larity, researching its mechanisms, and learning how to harness its potential will speed
progress towards potentially more reliable liquid systems aboard spacecraft that will
lead to improved long term space flight capabilities. Considering capillarity even for
non-capillary solutions enhance the reliability of the overall system. Research in this
field is ongoing and continues to be a priority for NASA [86–88].
A simple geometry that exploits capillarity for a phase separation device is a wedge-
shaped conduit with interior corner that satisfies the Concus-Finn wetting condition,
such that θ < pi/2−α [89], where θ is the liquid contact angle with the planar wedge
walls, and α is the wedge half-angle. Fig. 3.1 shows a schematic of such a system.
x
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x1
x2
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FS
Figure 3.1: Schematic of side and front views of a confined bubble in a wedge. The white
air bubble is surrounded by the blue liquid. The free surface (FS) at the base of the wedge
separates the liquid in the wedge from a larger volume of air not shown.
If capillary forces dominate buoyancy, the air bubble is displaced away from the
vertex of the wedge as liquid is pumped in behind it. The pumping mechanism exploits
a pressure difference caused by gradients of curvature of the liquid-air interface. A
bubble of sufficient size will travel to the free surface and coalesce with outside air
removing itself from the liquid.
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The use of capillarity as a phase separation mechanism is not new. Reyssat com-
pleted terrestrial work in the viscous regime for droplet and bubble transport in a nar-
row wedge [90]. Metz et al. [91] studied inertial bubble transport in a narrow wedge
with 1go experiments for fuel cell applications. This work focuses on the inertial regime
in a microgravity environment. The CCF experiment is an automated inertial-capillary
flow experiment let by Principle Investigator M. Dreyer of ZARM/Bremen University,
Germany [92–94]. A subset of CCF (Co-I M. Weislogel, PSU, Portland) investigates
phase separation exploiting the wedge geometry [88, 95]. The flow is complicated by a
streamwise flow that advects the bubbles downstream as sketched in Fig. 3.2.
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Figure 1. Sketch of an open wedge channel with liquid ow Ql left to right and with gas ow Qg bubbles
injected near the vertex at channel inlet. The free surface deects inward to resist inertial and viscous
pressure losses along the channel. Capillary pressure gradients drive the bubble away from the vertex
toward the free surface. The bubbles are also convected downstream, eventually reaching an elevation
in the channel where they are approximately inscribed. Idealized section views at the channel entrance
and exit are depicted at left and right, respectively.
In doing so, this simple conduit geometry performs a passive bubble separation operation in an
analogous manner to simple bubble rise in a buoyant open channel ow.
When occurring in the nearly weightless environment of an orbiting spacecraft, such processes
possess unique characteristics attributable to the large length scale capillary phenomena possible
there: The ows are often inertial with highly under-damped low frequency free surfaces, the
evidence of buoyancy on unconned bubble motion is truly negligible, and capillary ow rates
increase by many orders of magnitude ( 106-fold), as do various dimensionless groups including
the ratio of surface roughness to characteristic container length ( 103-fold). Regarding research,
the larger length scale systems allow accurate construction of increasingly complex containers
and conduits consisting of transparent materials with full optical access. Regarding applications,
the demonstration of nearly full scale systems in the relevant reduced-gravity environment in-
creases technology readiness levels adding condence to both spacecraft technology developers
and adopters. Terrestrial research along such lines is extensive, but naturally limited to milli-to-
microscale systems where viscous forces play a signicant role|the majority of work focusing on
Figure 3.2: Schematic of a simple wedge-shaped capillary phase separator in pen wedg
conduit used during CCF experiments [95].
This work focuses on a simplified generalization of the CCF experiments in that
the cross flow and free surface are removed so that the bubble transport under cap-
illarity alone can be studied. Drop tower tests and numerical modeling are used to
explore the parameter space. A wide variety of wedge geometries for use in experi-
ments is costly when conducted in space aboard the ISS. Numerical modeling is well-
suited to affordably expand the solution domain in the neighborhood of the experi-
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ments conducted. Before complex simulations can be developed, simple benchmark
simulations are conducted using CD-Adapco’s Computational Fluid Dynamics (CFD)
software STAR-CCM+ using the volume of fluid (VOF) method to model the transient
response of a bubble in an otherwise liquid filled wedge container upon a step reduc-
tion in gravity. Additional attention is paid to the static equilibrium configuration of
the bubble in the wedge before the onset of microgravity. Drop tower experiments are
compared to CFD and SE-FIT models. CFD simulations are compared to analysis and
1go experiments by Metz et al. [91] and Reyssat [90], and the drop tower experiments
and ISS experiments of Jenson et al. [88]. A brief background of pertinent technology,
experimental procedures, and numerical models is first provided.
3.2 Bubble Migration Drop Tower Experiments
Drop tower tests are done in part in support of CCF tests. The CCF experiment setup
is complex with pumps, valves, and sensors. The simplified drop tower tests are con-
ducted using a single PMMA test cell manufactured at PSU and mounted to the ex-
periment rig in the drop tower. Upon a step reduction in gravity, the fluid behavior
is recorded, digitized, and reduced. The following section provides details of each of
these steps.
3.2.1 Test Cell Wedge Manufacturing
The test cells are manufactured from two machined acrylic blocks and bonded to-
gether. Acrylic blocks (76.2 mm thick) are cut into 152.4 x 152.4 mm rectangles and
squared off in a high precision mill using a 76.2 mm fly cutter. Each half of the test cell is
placed on precision sine blocks so that the corner half-angle could easily be milled into
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the blocks. The milled blocks were polished in multiple steps. Each surface of the test
cell is sanded with 220, 400, 600, 1000, 2000, and 3000 grit sand paper under flowing
warm water using a sanding block. Each surface is polished using 3 grades of Novus®
acrylic polishing compound. The two halves of the test cells are bonded together using
a non-photochemicallly reactive solvent with Methylenechloride, Trichloroethylene,
and Methylmethacrylate monomer (Weldon 3) and allowed to cure for 12 hours. The
two open sides of the test cells are machined, sanded, and polished a second time.
Tape is used to seal both ends to allow for test fluid changes and easy access for clean-
ing. A drawback to this approach is that the tape is flexible and deflects with changes
in test cell pressure. The tape is applied tightly when covering the end to minimize
deflection. A port at the base of the test cell allows for easy filling of the test fluid.
a Milled halves of the drop tower test cell. Tool
marks were polished out in procedure detailed
herein.
b Image of the partially filled drop tower test cell.
The bubble is visible near the center of the vertex.
Figure 3.3: Wedge shaped drop tower test cell manufactured from Acrylic blocks. Test cell
shown has corner half-angle α= 7.9◦.
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3.2.2 Experiment Setup and Procedure
The test cell is filled with a perfectly wetting test fluid, HFE-7500, selected to match
that of the CCF experiments. Table 3.1 details the fluid properties of HFE-7500 and
air. These values are also used in the CFD simulations. The experiment rig shown in
Fig. 3.4 is a versatile platform for drop tower tests [47]. The filled test cell is placed
between a camera and an LED backlight panel. One of two main cameras are used,
a Panasonic HD900M recording at 1080 60P or a Nikon J1 recording at 400 fps at 640
by 240 px resolution. The light from the LED panel is refracted by the bubble interface
and appears black in the recorded image (see Fig. 3.5). The contrast enables automated
image processing.
Table 3.1: Nominal properties of test fluids HFE-7500 and air used in drop tower tests and
CFD simulations.
Fluid ρo [kg/m3] µo [kg/(s·m)] σ [N/m] θeq
HFE-7500 1614 0.00125 0.0162 0
Air 1.1842 1.86E-05 - -
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Figure 3.4: Simple drop tower experiment rig. The (3) test cell is placed between a (2)
camera and (1) LED panel.
3.2.3 Data Reduction
During post-processing, the video of each drop tower test is saved as a PNG image
sequence. The images are digitized and analyzed using NASA’s Spotlight-16 software.
A threshold tracking tool records the x-position of the leading and trailing menisci of
the bubble for the duration of the drop test [55]. Sample data are scaled and plotted in
Fig. 3.5.
3.2.4 Results
As shown in Fig. 3.5a, a 22 µl air bubble resides within HFE-7500 host fluid in the
test chamber. The chamber has a fixed wedge corner half-angle α = 7.9◦ with ver-
tex pointing upwards such that under normal gravity conditions the confined gas
bubble elongates along the z-axis at a distance characterized by the capillary height
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H ∼ (σ/ρg )1/2 from the vertex [88]. Provided the Concus-Finn wetting condition is sat-
isfied (θ < pi/2–α) [89], upon the step reduction of gravity, as occurs during a typical
drop tower test, corner flows wick further into the container vertex by well-established
means [29, 66, 96–98]. Figs. 3.5a-e provide an image sequence of this flow displacing
the bubble away from the corner recorded at 400 fps at 640 by 240 px resolution using
a Nikon J1 camera. The bubble’s leading meniscus (x2) position versus time is plot-
ted in Fig. 3.5f. The predominately 1-D corner flow mechanism gives way to more
2-dimensional and ultimately 3-dimensional bubble flow as the bubble becomes in-
creasingly spherical. The bubble reaches its spherical state with ample inertia to carry
it passed its ideally inscribed location. Further inertial and viscous forces eventually
bring the bubble to rest.
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Figure 3.5: Select frames from drop tower experiment footage. (a) Buoyancy confines the
bubble near the vertex of the container (black dashed line). (b) Upon step reduction of
gravity, corner flow fills in behind the bubble. (c) The bubble is displaced by the liquid
continuing to be pumped in behind it during the disc and 3-D spherical regimes. (d) Even-
tually the bubble nears its inscribed location (red dashed line) at which point the capillary
driving force ceases. (e) Sufficient inertia is generated during the process to propel the
bubble past its inscribed location. (f) Position of bubble’s leading edge plotted over time
with inscribed location identified by dashed line. The bubble velocity scaling is from Jen-
son et al. [88].
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Reminiscent of Plateau-Rayleigh instability, long bubbles are observed to pinch off
smaller bubbles that then migrate in a similar manner as seen in Figs. 3.7 and 3.8. In 1-
g, as the bubble volume increases, the height of the confined bubble remains relatively
constant while its length along the wedge vertex increases. For inviscid fluids, in the
limit of small corner half-angle, the number of pinch-off nodes increases with initial
bubble length such that
n. L
2piH
,
where n is the nearest lower integer number of pinch-off nodes expected for initial
bubble length L and height H . Data from 10 drop tower tests are compared with the
model in Fig. 3.6. As host fluid viscosity increases the pinch-off flow slows, allowing
time for the bubble to travel away from the vertex, increase in height and prevent
pinch-off. Long bubbles experience end effects caused by the edge of the test cell that
further complicate the flow.
0 0.5 1 1.5 2 2.5 3
0
1
2
3
L/2piH
n
DT data
Figure 3.6: Analytic versus experimental bubble pinch off node number n.
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10 mm
0.000 s
0.050 s
0.100 s
0.150 s
0.250 s
0.333 s
0.500 s
1.667 s
1.750 s
Figure 3.7: Overlay of processed image sequence of drop tower test of a 0.041 ml air bub-
ble in HFE-7500 host fluid. The elongated bubble splits into 2 bubbles which migrate away
form the vertex, drift together, coalesce, and continues past the larger bubbles inscribed
location. Wedge vertex location is indicated with solid black line. Bubble inscribed eleva-
tions are indicated dashed red lines. Time into drop test is listed on right.
10 mm
0.000 s
0.050 s
0.083 s
0.167 s
0.267 s
0.333 s
0.500 s
0.583 s
0.667 s
1.833 s
Figure 3.8: Overlay of processed image sequence of drop tower test of a 0.099 ml air bubble
in HFE-7500 host fluid. The elongated bubble splits into 3 bubbles which migrate away
form the vertex. Wedge vertex location is indicated with solid black line. Bubble inscribed
elevations are indicated dashed red lines. Time into drop test is listed on right.
57
3.3 SE-FIT Model of a Confined Bubble in a Wedge
Deploying air bubbles of precise volume in such tests is a challenge. A method to val-
idate the volume of a confined bubble volume from a single linear measurement is
developed using the parameter sweep function (PSF) tool in the SE-FIT. Using the tool,
the dimensional extents of a confined bubble for a variety of volumes are calculated
and tabulated. Comparing the measured bubble length to SE-FIT calculated extents
allow users to back out the volume using linear interpolation or other methods to cor-
relate the dimensional data with the calculated volume. The model development and
example use are provided.
3.3.1 Model Development
The file that describes the bubble initial geometry, constraints, boundary conditions,
and energy is created using a simple text editor. The code is provided in Appendix C.2
and the model will be included as a built in model in future SE-FIT releases. The initial
condition for the SE-FIT model is shown in Fig. 3.9. The model consists of bubble
interface and wedge geometry components. The outer wedge geometry is present for
visualizing the constraints of the interface but has no bearing on the solution.
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Figure 3.9: Orthonormal views of the SE-FIT model initial geometry. The black triangle
is representative of the wedge. The blue trapezoidal prism is representative of the initial
bubble configuration.
SE-FIT requires definition for every node, edge, face, and body. Figures 3.10 and
3.11 show the identification numbers of the nodes (circled numbers), edges (numbers
in triangles), and faces (numbers in squares) used to describe the wedge geometry and
the initial shape of the bubble interface. The arrows show direction of edges to assure
outward normal vectors when defining the faces. SE-FIT uses constraints to define
boundary conditions for nodes, edges, faces, and bodies. In this model the free surface
must remain between the wedge surfaces defined by
z tanα−x = 0
−z tanα−x = 0.
(3.1)
Surface tension at the dry wall is prescribed as a virtual tension cosθ.
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Figure 3.10: Isometric view of the SE-FIT wedge geometry model components. Numbered
circles show relative location of nodes and identification numbers. Numbered triangles
show relative location, direction and identification of edges. Numbered squares illustrate
location and identification of faces. The right-hand outward normal convention is used.
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Figure 3.11: Isometric view of initial bubble geometry model components. Numbered
circles show relative location of nodes and identification numbers. Numbered triangles
show relative location, direction and identification of edges. Numbered squares illustrate
location and identification of faces. The outward normal convention is used. The two
contact lines are closed loops identified with all edges in the same direction. The body of
the bubble is defined using the faces.
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The gravity force in the SE-FIT model is defined generally so that direction can be arbi-
trarily assigned and varied in the system. Fig. C.1.13 provides definitions for the gravity
vector orientations
gx = gφ sinφ= go cosψsinφ
(
cos2ψ+cos2φsin2ψ)−1/2
g y = gψ sinψ= go cosφsinψ
(
cos2ψ+cos2φsin2ψ)−1/2
gz = gφ cosφ= go cosφcosψ
(
cos2ψ+cos2φsin2ψ)−1/2 .
(3.2)
The geometry, constraints, and energy information are read by the SE algorithm which
y
go
g y
zgz
gφx
gx
gψ
ψ
φ
Figure 3.12: Isometric view of gravity vector components as defined in SE-FIT. Equa-
tion 3.2 shows component definitions.
is controlled by commands sent via SE-FIT. Of the many tools unique to SE-FIT, the PSF
tool is used to load the model, solve for the minimum energy state, and automate the
incrementation of key parameters, such as Bond number.
3.3.2 Results and Applications
The SE-FIT model with corner half-angle α= 7.9◦ is run using PSF with fine mesh res-
olution for Bond numbers 1 to 100 in increments of 1. The total energy of the system is
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the sum of gravitational and surface energy such that
E = ρg∀h+σA, (3.3)
where E is the total energy and A = Ag l +cosθAg s is the surface area. There is no obvi-
ous length scale in the problem therefore the energy equation is nondimensionalized
using the characteristic length L ∼∀1/3 yielding the non dimensional energy equation
E∗ =Bo∀∗h∗+ A∗, (3.4)
where ∗s indicates dimensionless term. The SE algorithm minimizes E∗ for a given
Bo and constant ∀∗ by changing h∗ and A∗. Upon convergence SE-FIT increments Bo
and the process is repeated. At each converged state dimensionless bubble envelope
dimensions (x∗, y∗, and z∗) are recorded and plotted in Fig. 3.13. The volume of the
bubble is calculated for a given Bo according to the fluid properties using
∀=
(
Boσ
ρ
)3/2
. (3.5)
The dimensionless bubble dimensions are redimensionalized such that x = ∀1/3x∗,
y = ∀1/3 y∗, and z = ∀1/3z∗ and are plotted in Fig. 3.14. Bubble dimensions at each
bond number are provided in Fig. 3.13.
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Figure 3.13: Dimensionless bubble extents from SE-FIT PSF run for Bond numbers 1 to
100 in increments of 1 and α= 7.9◦.
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Figure 3.14: Dimensional bubble extents from SE-FIT PSF run for Bond numbers 1 to 100
in increments of 1 and α= 7.9◦.
Fig. 3.15 illustrates how linear interpolation of the transformed data is used to de-
termine bubble volume. The bubble length in Fig. 3.8 is measured to be 56.8 mm long.
This measurement corresponds to 0.149 ml from the transformed SE-FIT data. The
spherical bubble diameters are optically measured at the end of the drop test, calcu-
lating and summing the volume of each bubble yields an initial volume of 0.099 ml.
Work continues on the model and SE-FIT in an effort to minimize errors and reconcile
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the differences of volume.
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Figure 3.15: Exploiting SE-FIT generated tabulated data to lookup confined bubble vol-
ume. Bubble length measured from Fig. 3.7 at t = 0 s.
3.4 Bubble Migration CFD Model
3.4.1 Model Scope and Setup
Star CCM+ [9] is applied to model the transient motion of the bubble. The wedge do-
main for the simulation is illustrated in Fig. 3.16. The domain is the same size as the
drop tower test cell internal cavity, where h = 0.1 m, w = 0.1 m, and 2α= 15.5◦.
h
w
2α
Figure 3.16: Schematic of bubble in wedge CFD model domain
The model assumes laminar flow of isothermal, Newtonian, incompressable, im-
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miscible fluids through a stationary domain with no porosity. These assumptions sig-
nificantly reduce the governing equations solved numerically. All boundaries of the
domain are set as solid rigid walls with no penetration and no slip. The test fluid HFE-
7500 is a perfectly wetting fluid and the contact angle along each wall is set to θ = 0◦.
The wedge domain is meshed using the unstructured meshing Region-Based
Meshing strategy available in STAR-CCM+. Two mesh models are used; the Surface
Remesher and the Polyhedral Mesher. The surface mesh is generated by the Surface
Remesher. The surface mesh improves the quality of the volume mesh from poorly
imported CAD models, preparing the walls for prism layers should they be used [9]. It
is used here to help the Polyhedral Mesher capture the detail in the vertex of the wedge.
The volume mesh is generated by the Polyhedral Mesher which uses arbitrary polyhe-
dral cell shapes with an average of 14 cell faces to create the mesh with five times fewer
cells then an equivalent mesh using the tetrahedral mesher [9]. The refinement level
is set to 2 for all mesh densities in an effort to resolve flow details in the vertex of the
wedge. While a variety of mesh densities are implemented in this study, a typical mesh
is shown in Fig. 3.17.
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Figure 3.17: A coarsely meshed domain for the bubble migration CFD model. Zoomed
view shows mesh detail near the vertex of the wedge and illustrates the use of growth fac-
tors employed by the meshing algorithms.
The time step of the implicit unsteady model is set to 0.0001 s using a second or-
der time discretization scheme with 20 iterations per time step specified to reduce the
residuals. The simulation initial condition is set to control a known air bubble volume
and ensure reorientation quickly by minimizing bulk fluid flow during reorientation
of the bubble towards its equilibrium low-g state. Fig. 3.18 shows the trapezoidal air
prism defined as the initial condition for the air bubble. The regular shape is used be-
cause it is easy to define with a field function and because the volume can be easily
calculated using
∀b = L
(
H 22 −H 21
)
tanα, (3.6)
where H1 is the distance from the vertex to the top of the bubble, H2 is the distance
from the vertex to the bottom of the bubble, L is the length of the bubble along the
vertex, and α is the corner half-angle.
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Figure 3.18: Trapazoidal prism of initial gas bubble volume.
The H1 = (σ/ρg )1/2 is set as the initial height obtained from a balance of capillary
pressure and gravitational body force terms of the Navier-Stokes equations. H2 is ini-
tially set to 2H1. For known bubble volume (∀b = 0.029 ml in this case) eq. (3.6) is then
solved for the initial bubble length
L = ∀b(
H 22 −H 21
)
tanα
. (3.7)
Before simulating the transient response of a bubble in a wedge, the equilibrium
position and orientation of the confined bubble is solved. The initial condition of the
simulation described above is not the initial condition of the drop tower experiment
with which simulation data is compared. The bubble must rise to the vertex of the
wedge and come to rest before the onset of microgravity. Sufficient time is provided
before the introduction of the step reduction of gravity for this to happen. Time vari-
able parameters help automate the setup for the initial condition. Fig. 3.19 show how
gravity and viscosity values change throughout the simulation. The values are normal-
ized by their nominal values such that g∗ = g (t )/go and µ∗ =µ(t )/µo .
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Figure 3.19: Time variable properties of bubble in wedge CFD simulation. (top) Normal-
ized gravity component values during simulation. The step reduction of gravity occurs 2
s after the simulation starts. These 2 s allow the bubble to reorient and the bulk liquid to
come to rest, establishing the initial condition prior to the step reduction of gravity rep-
resentative of a typical drop tower test. (bottom) Time dependent values of normalized
liquid viscosity. The gentle 100X increase and decrease of air and liquid viscosity from 1 s
to 2 s allow the liquid to come to rest without the creation of significant stresses in the bulk
liquid.
The delay of the step reduction of gravity allows currents in the bulk fluid to be
dampened after reorientation of the air bubble from the initial trapezoidal prism. In-
creasing the viscosity speeds dampening of waves on the interface caused in the pro-
cess. Decreasing the viscosity prior to the drop releases residual stresses in the fluids in
accord with experiment. STAR-CCM+ simulations are run in parallel on Dell Optiplex
990s with 8 Intel®Core™i7-2600 CPUs at 3.4 GHz. Each machine is equipped with 16
GB RAM and WDC ED10EALX-759BA1 hard discs. Wall clock run times range from 8
hours to months depending on mesh resolution.
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3.4.2 Bubble Migration CFD Model Results
Preliminary Simulations
In all numerical models there are a number of user adjustable parameters that impact
the results. For this work, the impact of mesh density, interface momentum dissipation
(IMD), and sharpening factor (SF) on the simulation are investigated. The IMD model
seeks to minimize discretization errors resulting in parasitic currents that develop from
discontinuities in fluid properties and variables across an interface by introducing an
interface artificial viscosity [9]. The sharpening factor is a user defined parameter that
reduces numerical diffusion across the interface of two phases [9]. Low sharpening
factors are considered insufficient for capillary fluidic models, but too high values re-
sult in non-physical free surface alignment with the mesh [9]. Equation details are
provided in Appendix B.
For each study the bubble centroid location in the x-direction, bubble volume, and
maximum Courant-Friedrich-Lewy (CFL) value are compared in an effort to minimize
model error and determine optimal settings for future capillary fluidic simulations.
The bubble centroid location is the parameter of interest in this study ans is recorded
and plotted throughout the simulation. VOF does not conserve volume in the solution,
therefore the bubble volume is tracked as a measure of how much volume fluctuates
throughout the simulation. The CFL number C = u∆t/∆x is a measure of stability for
unsteady simulations. The CFL will reveal more then poorly chosen mesh densities
and time steps in a simulation. Parasitic velocities at the contact line will also increase
the CFL values making it an indirect measurement of contact line stability. The lower
the CFL number the more stable and likely the model is to converge. While Star CCM+
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algorithms are capable of converging with CFL > 50, the lower CFL, the better [9]. The
results from each simulation are discussed below.
Three simulations where only mesh density is varied are conducted. Table 3.2 is a
summary of mesh densities used for this study. The constant parameters for this study
are IMD=0.1, and SF=0.75. Three simulations where only the (IMD) value is varied
are conducted and compared in Fig. 3.21. The three values used are IMD=0.1, 0.2,
and 0.4. Too high values of IMD retard contact line movement and produce erroneous
results [9]. The coarse mesh and sharpening factor of 0.75 were used for this study.
Three simulations where only the SF value is varied are conducted and compared in
Fig. 3.22. The three values used are SF=0.25, 0.50, and 0.75. The coarse mesh and
IMD=0.1 were used for these simulations.
Table 3.2: Bubble migration mesh summary. (M=106)
mesh base size (mm) total cells (M) interior faces (M) vertices (M)
coarse (CM) 10 0.096 0.5 0.3
medium (MM) 5 0.247 1.4 0.8
fine (FM) 2 2.125 12.5 6.9
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Figure 3.20: Comparison of mesh density effect on (top) bubble position, (middle) bubble
volume, and (bottom) max Courant number, for coarse mesh (CM), medium mesh (MM),
and fine mesh (FM). The short dashed horizontal line segment in top plot represents the
location of an inscribed bubble centroid x-location. The dashed horizontal line in middle
plot is the set point of the initial bubble volume (0.029 ml). Data are collected every 0.0001
s with every 10th data point plotted for clarity.
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Figure 3.21: Comparison of Interface Momentum Dissipation (IMD) effect on (top) bubble
position, (middle) bubble volume, and (bottom) max CFL for coarse mesh with IMD = 0.1,
0.2, and 0.4. The short dashed horizontal line segment in top plot represents the location
of an inscribed bubble centroid x-location. The dashed horizontal line in middle plot is
the set point of the initial bubble volume. Data are collected every 0.0001 s with every 10th
data point plotted for clarity.
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Figure 3.22: Comparison of interface sharpening factor (SF) effect on (top) bubble posi-
tion, (middle) bubble volume, and (bottom) max CFL, for coarse mesh with SF = 0.25, 0.5,
and 0.75. The short dashed horizontal line segment in top plot represents the location of
an inscribed bubble centroid x-location. The dashed horizontal line in middle plot is the
set point of the initial bubble volume. Data are collected every 0.0001 s with every 10th
data point plotted for clarity.
From inspection of the middle figures in Figs. 3.20-3.22, bubble volume is best con-
served for the finest mesh. The parasitic velocities at the interface are more effectively
dampened for higher values of IMD and smaller values of SF without excessive impact
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on the bubble position or velocity. Fig. 3.21 shows the lowest CFL values for the high-
est IMD values. Fig. 3.22 show the lowest CFL falues for the highest SF values. There-
fore the optimal settings for the VOF simulations conducted herein for this geometry,
boundary conditions, and initial conditions are fine mesh, with high IMD and low SF.
Benchmark Simulation
The fine mesh with IMD=0.4 and SF=0.25 is used for the benchmark study. The setting
of this benchmark simulation are used for the remainder of the simulations discussed
herein. The data from the benchmark simulation are discussed and compared with
both experimental data and approximate analytic models. This section examines the
equilibrium condition of the bubble, the transient response upon the step reduction of
gravity, and some potential error sources. The gas bubble position and orientation just
prior to the step reduction of gravity in the simulation is compared to that of the exper-
iment. Fig. 3.23 shows the comparison as viewed from the y-normal mid-plane of the
simulation and camera view of the experiment. The black contour is the experimental
profile. The blue contour is the simulation. When scaled and overlapped the height of
the bubble is the same but the length of the bubble is different. This suggests signifi-
cant difference in bubble volume. The reasons the bubble volumes are dissimilar are
unknown and are the focus of continuing research.
75
Figure 3.23: Comparison of the air bubble position and orientation just prior to the step
reduction of gravity. The black outline is the drop tower experiment and the blue outline
is the simulated bubble. The black horizontal line is the wedge vertex.
When overlaying the two bubbles over one another in Fig. 3.23 the vertex of the test
cell used for the experiment does not line up with the vertex of the simulated wedge.
The manufacturing process of bonding the two test cell halves may have allowed for
the solvent to wick into the wedge vertex and partially fill and obscure the vertex. This
would cause the apparent vertex of the test cell to appear lower then the actual axis of
planer wedge wall intersection.
The air bubble centroid x-position is recorded at each time step. Fig. 3.24 compares
the position of the simulated bubble to that of the bubble in the drop tower experiment
and the scaling by Reyssat [99] and Jenson et al. [88]. Reyssat’s linear scaling law for
viscous flow is
x ∼ σα
6µ
t , (3.8)
and Jenson et al.’s linear scaling law for inertial flow is
x ∼ 0.355
(
2σ
ρ∀1/3b α2/3
)1/2
t . (3.9)
Reyssat’s viscous-capillary law is provided for reference only since it is unfairly applied
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to the inertia-capillary flows of the present study.
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Figure 3.24: The bubble centroid x-position for (top) the entire simulated microgravity
portion of the simulation and (bottom) zooming in on the time during which capillary
forces are moving the bubble.
The bubble velocity close to the wedge vertex closely matches the drop tower test
and analytic results of Jenson et al. Of interest is the bubble overshoot past the in-
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scribed location. Past this location the capillary driving force of the flow is no longer
present. The velocity field provides some insight into this phenomena. While the over-
shoot is observed in the simulation, it is not as pronounced as it is in the experiment or
when the IMD is lower. The experiment is compared with the VOF and velocity fields of
the simulation in Fig. 3.25 at various times throughout the microgravity time. The ve-
locity field reveals vortices generated by the passing bubble, providing inertia to propel
the bubble past its inscribed location. The vorticies also provide a mechanism for lat-
eral drift of the bubble once past the inscribed location in the event asymmetries in the
flow are present (ref Fig 3.5 and 3.25). A drop tower tests conducted with rheoscopic
partials added to the test fluid reveal similar vortices as shown in Fig. 3.26.
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Figure 3.25: Visual comparison between drop tower experiment (left), simulation VOF
field (middle), and simulation velocity field (right). In the simulation VOF field, the in-
terface is blue, air is black, and host liquid is white. In the simulations velocity field red is
0.1 m/s and blue is 0.0001 m/s.
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Figure 3.26: Rheoscopic partials added to the test fluid in drop tower test reveal motive
force that propel bubble past inscribed location as trailing vortices in host liquid.
3.5 Discussion
The migration of a confined bubble in a wedge offers an elegant no moving parts
method for phase separation in the absence of buoyancy. Drop tower experiments
reveal three flow regimes of bubble transport, bubble break-up predictions, and visu-
alization of trailing vorticies that transport the bubble both past its inscribed elevation
and to a lesser extent along an axial direction as driven by wake vorticies. This chapter
details the development of a numerical tool used to determine volume of a confined
bubble in a wedge from a single linear measurement using SE-FIT’s PSF tool and de-
velops CFD models that are benchmarked against drop tower experiments for use in
future capillary fluidics simulations.
The apparent decrease of bubble volume upon a step reduction of gravity remains
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an open question. A precision syringe is used to measure the bubble volume inserted
into the test cell. The value agrees with the volume determined using the SE-FIT
method. When the diameters of spherical bubbles are measured just before the end
of the drop, the calculated volumes do not agree. Accounting for differences of static
pressure only accounts for 1% difference. Optical distortion during optical measure-
ments accounts for even less of a difference as vertical and horizontal diameters are
measured. There is less then 1 px difference between them. The volume change is also
observed in the numerical simulations but this is assumed to be caused by numerical
errors. The source of the note worthy discrepancy is left unidentified.
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Chapter 4
The Capillary Beverage Experiment
4.1 Background
In 2014, The European Space Agency (ESA) in partnership with Argotec, Lavazza,
and the Itialian Space Agency announced that the ISSPresso machine would brew an
espresso from a k-cup-like coffee pod into a clear bag [100]. Italian astronaut Saman-
tha Cristoforetti was to be the first person to brew and drink espresso in orbit, but by
sipping it from a bag with a straw. Without gravity to hold liquids safely at the bottom
of a cup or to pour liquid into the drinkers mouth when tipped, beverages aboard the
ISS are consumed from sucking beverages from a sealed bag using a straw. While this
method is effective it prevents any olfactory pleasure of aromatic beverages such as
coffee.
The Capillary Beverage Experiment was initiated to develop and deliver a safe,
stable cup so that such aromatic drinks could be imbibed in an earth-like manner,
but with the role of gravity replaced by that of surface tension, wetting conditions,
and cup geometry. In 2008 NASA astronaut Don Pettit demonstrated drinking from
a prototype cup [101]. Other designers have attempted to follow suit with limited suc-
cess [102–104]. The Capillary Beverage Experiment (CapBev) sought to improve Pettit’s
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original design by applying modern engineering tools for a cup that could be drained
completely by capillary forces, allow the user to smell the coffee, and allow scientific
observation of the complex fluid behavior in a microgravity environment. In general,
microgravity researchers prefer to study pure fluids to eliminate variables in the ex-
periment, particularly wetting characteristics. To specifically target poorly wetting liq-
uids in a simple, fast-to-flight experiment, Capillary Beverage used existing beverages
aboard the ISS as test fluids. These include water, Kona coffee (with and without cream
and sugar), Lemon-Lime, Tropical Punch, and Peach-Mango Smoothie.
a CAD rendering of the ISSpresso machine by Ar-
gotec for Lavazza.
b ISSpresso dispensing espresso into a clear bag
in 1go.
Figure 4.1: The ISSpresso machine. Photo courtesy: Lavazza/Argotec
4.1.1 Cup Design
Below is a list of key scientific design requirements for the Space Cup:
• Open cup for hot aromatic beverages, like coffee
• Hold at least a double shot of espresso (60 ml)
• Continuous capillary curvature gradient with the lowest capillary pressure (high-
est curvature) at the lip of the cup
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• Ergonomic design for routine use
• Provide an adequate flow rate to the drinker
• Optically clear for interface and flow visualization
• Low cost, light weight, fast-to-flight, with no electrical interfaces
NASA adds additional safety, human interface, and topology requirements for the
cup [105–110]. Manufacturing the complex geometry required to satisfy the design
constraints by traditional manufacturing techniques was found to be cost and sched-
ule prohibitive. Only additive manufacturing techniques could provide the geometry
needed. Fig. 4.2 shows 3D printed prototypes of the space cup throughout its design.
Fig. 4.3 provides surface curvature plots for the final designs for the internal geome-
try of the cup. There are many 3D printing technologies available for such fabrication,
but SLA was selected as the final technology as it produced cups with the best clarity.
A ‘clear’ FDM printed cup is shown next to a ‘clear’ SLA printed cup in Fig. 4.2d and
e. Accura 60 is selected for the material primarily for it optical qualities, but also for
its thermal resistance. As is required by new materials bound for the ISS, Accura 60
underwent additional off-gassing, shatter, and leaching testing for flight certification.
The final flight hardware cups are printed, polished, coated with a clear polyeurathane
coat, and sent through a proprietary cure post-process to render the cups food-safe.
Additional toxicological tests are conducted at NASA JSC to garner approval by NASA
toxicologyists and flight surgeons (ref. Appendix D.2.2). The final geometry and key di-
mensions are shown in Fig. 4.6 and Appendix D.4. The different segments of the Space
Cup that are referenced throughout this thesis are labeled in Fig. 4.7.
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a b c
d e
Figure 4.2: Five prototypes showing the Space Cup exterior design evolution. (a-c) Proto-
types are FDM printed using PLA material and (d)ABSi material. (e) SLA prototype printed
out of Accura 60 material. The internal volume geometry (see Fig. 4.3) is identical for each
of the cups shown here.
85
κ [m−1]
50
10
20
30
40
Figure 4.3: Surface curvature of Space Cups internal volume. (top) Space Cup 1-5 and
(bottom) Space Cup 6 show similar gradients of curvature (right) with and (left) without
horizontal zebra stripes overlaying the plots. Plots created using Solidworks2015. Volumes
shown serve as solution domains for the CFD draining model in §4.4.2.
Drop tower tests were conducted on sub- and full-scale SLA models of the Space
Cup. Fig. 4.4 provides an image sequence of liquid reorientation in a sub-scale model.
Liquid reorientation achieves reasonable equilibrium within the test time of the drop
tower and provides reassurance of the cups functionality. The drop tower tests pic-
tured in Fig. 4.5 illustrate the temperature dependence of cup performance when us-
ing water as the test fluid. Low volumes of water ‘see’ different gradients in cup surface
curvature. A 10 ml volume of water above 30◦C satisfies the Concus-Finn wetting con-
dition (θ < pi/2−α) [89] and spontaneously wets the vertex of the cup filling the lip.
Water below 30◦C does not satisfy the Concus-Finn wetting condition and remains at
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the cup base. Water at 30◦C rises in the cup vertex slower then water at 40◦C which
spontaneously wets the vertex of the cup within the 2.1 second duration of the drop
tower test.
t = 0 s
go
1.0 s 2.0 s0.5 s0.1 s
10 mm
Figure 4.4: Drop tower test of scaled Space Cup. Image sequence showing reorientation of
water occurring in less then 0.5 s.
t = 0 s 1.5 s 2.0 s1.0 s0.5 s
c
go
go
b
go
a
Figure 4.5: Temperature effect on reorientation of 10 ml water in Space Cup drop tower
test cell. Water temperature at (a) 20◦C , (b) 30◦C , and (c) 40◦C .
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Figure 4.6: Final Space Cup design details for Space Cup 4. Dimensions (in millimeters)
and section details of Space Cup 4. Sections H-H through B-B show gradient in cup ge-
ometry. Draining liquid from the cup flows from the smooth curved rear of the cup (H-H)
through the the linear interior corner (D-D) toward the cusp at the lip (B-B).
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vertex
base
handle
back/rear
lip hips rim
cusp
Figure 4.7: Space Cup concept anatomy.
4.1.2 Becoming a Payload
In part because of its simplicity, and because of NASA’s Revolutionize ISS for Science
and Exploration (RISE) initiative [111], Capillary Beverage is developed under an ac-
celerated flight certification time-line. The kick-off meeting was held on September
22, 2014. By January 19, 2015 the hardware was fully flight certified and delivered to
NASA for launch. Those 4 months were filled with procedure, safety, human inter-
face, and topography meetings in addition to finalizing the cup design. The Capillary
Beverage team consisting of principle investigator (PI) and principle innovator Mark
Weislogel, NASA astronaut Don Pettit, payload developer (PD) Andrew Wollman, and
led by IRPI LLC CEO and president Ryan Jenson, applied for a patent on the cup. NASA
Co-investigator John Graf provided critical certification and experiment development
guidance throughout the project. Additional vital team members are mentioned in
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Appendix D.1.
a SpaceX CRS-6 Falxon 9 Launches from Cape
Canaveral SLC-40 on April 14, 2015.
b SpaceX CRS-6 Dragon RMS capture and
berthing to ISS on April 17, 2015.
Figure 4.8: Launch, capture, and berthing of SpaceX CRS-6 Dragon with ISSpresso and
Capillary Beverage payloads aboard. Photo courtesy: SpaceX/NASA
The six unique Space Cups were designed, manufactured, and shipped to NASA
for SpaceX CRS-6 launch on April 14, 2015. Further details of the Capillary Beverage
payload are provided §4.2.2. Shortly after arrival on the ISS, the ISSpresso and Capil-
lary Beverage payloads are unpacked and Italian astronaut Samantha Cristoforetti set
up the ISSpresso and brews the first espresso in space. Upon email request from the
investigator team, Cristoforetti donned a Star Trek outfit, served an espresso in Space
Cup 6, floated to the Cupola module of the ISS, and photographed the first use of the
Space Cup. She tweeted the ‘selfie’ on May 3, 2015 [112] resulting in over 300 web, tele-
vision, and radio news articles around the world in one weekend. Fig. 4.9 presents a
high resolution version of the photo showing a scalding hot beverage in an open con-
tainer in the Cupola aboard the ISS. While the image stimulated public interest in the
Space Cup, it provided confirmation of the cup’s performance: the liquid was in the
right place and the crema was distributed throughout the beverage.
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a
b
Figure 4.9: (a) Italian astronaut Samantha Cristoforetti drinking ISSpresso from Space Cup
6 in the Cupola module of the International Space Station during expedition 43. (b) Close
up of the Space Cup shows the ISSpresso located in the lip of the cup with crema dis-
tributed throughout. Photo courtesy: NASA
91
4.2 Capillary Beverage Flight Operations
The Capillary Beverage experiment was afforded 10 crew-tended flight operations
aboard the ISS during increments 44/45. Eight test operations were scheduled for the
science portion of the investigation with two scheduled for a more playful look at how
astronauts would use the cups in the ISS galley during mealtime. The following section
details the test operations’ hardware, setup, procedures, and results. The highlights
from the demo operations are then summarized. Astronaut comments gathered from
payload questionnaires and a mission debrief meeting are cited in closing.
4.2.1 Flight Test Operations
The science contributions for the Capillary Beverage experiment were completed in 8
Test Operations scheduled for scientific exploration. Each operation consisted of two
hours of crew time for a total of 16 hours of crew time. A gantt chart showing a typical
test operation schedule is shown in Fig. 4.10.
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Figure 4.10: Capillary Beverage test operation Payload Project Manager (PPM) illustrating
a typical test operation’s crew (cyan) and resource (white) allocation. The astronauts are
given 15 min to prepare for the operation, 30 min to setup the hardware, 1 hour to run Test
Ops, and 15 min to Stow the hardware. A 10 min window for historical photography during
the setup is allocated for each new crew member conducting the experiment. The Node 2
video down-link is restricted R4 for the duration of Setup and Test Ops. The MWA is in use
for the duration of the Operation.
4.2.2 Hardware and Setup
All components of the payload transported and stowed on the ISS in a NOMEX Soft-
goods bag manufactured by the Softgoods Lab at NASA JSC. Images of the Softgoods
Bag are shown in Fig. 4.11. A brief description of the hardware components is provided
below. Engineering Drawings of the hardware are found in Appendix D.4.
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Figure 4.11: The Capillary Beverage Softgoods Stow Bag. (left) Labels and Velcro-like
hoops indicate location of Space Cups and Space Cup Stands. Restraining straps are easily
operated with one hand. (middle) Open Softgoods Bag with most of Capillary Beverage
payload packed inside. 6" and 10" Tube (not shown) stow locations on flaps of Softgoods
Bag. (right) Closed Softgoods Bag.
The Space Cups
Table 4.1 summarizes the key characteristics of the cups sent to the ISS. Space Cup 1
and 2 were intended for use in the galley operations. They have ergonomic handles and
lip. Space Cup 3 is a modern version of Don Pettit’s original cup. Space Cup 4 and 5 are
the main science cups which lack handles that would otherwise obscure an orthogonal
view of the liquid behavior in the cup. Space Cup 5 possessed a hydrophillic coating
on its interior surface. Space Cup 6, the demitasse, is a smaller version of Space Cup 1
specifically designed for integration with the ISSpresso payload.
94
Table 4.1: The 6 Space Cups of the Capillary Beverage Payload.
Space
Cup
No.
Volume (ml) Coating CAD Photo
1 148 None
2 148
Hydrophilic
Base-
Polyurethane
3 148 None
4 148 None
5 148
Hydrophilic
Base-
Polyurethane
6 77 None
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The Space Cup Stands
Two Space Cup Stands are designed to hold the Space Cups for the various test per-
formed. An isometric CAD drawing and image of the stand is shown in in Fig. 4.12.
Three slots that interference fit with the space cup’s base allow for a variety in mount-
ing options for the cup. As numbered on the stand itself, slot 1 and 2 allow the cup to
be positioned vertically or horizontally, a design feature essential for dynamic distur-
bance tests. Slot 3 has a 25◦ tilt that holds the cup in a comfortable drinking position.
The entire base of the stand is covered with Velcro-like hooks offering compatibility
with the ubiquitous Velcro-like loops located around the ISS. The mounting hole and
slots on the base allow for additional flexibility in mounting. Mounting hole A is posi-
tioned directly below the center of mass of a full Space Cup 4 mounted in Slot 2. This
intentional placement allows for the stand to pivot about that point in angular stabil-
ity tests. Slots B and C are designed to allow the stand to be oscillated in a constrained
linear path. They prove to be too short to be effective due to natural frequency and
amplitude required to destabilize the liquid.
The height of the stand is tall enough for a cup to rotate freely in slot 1 while still
low enough for the stand and Space Cup 6 to fit inside the ISSpresso machine. In this
way the cup could reclaim a shot of espresso if such an opportunity arose. Such and
opportunity has not yet been provided.
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Figure 4.12: Isometric CAD drawing and image of Space Cup Stand 1. Space Cup Stand 2 is
identical except for the Op Nom label. The Space Cup slots are labeled 1, 2, and 3. The #10
fastener hole and slot locations are labeled A, B, and C. Hole A is directly below the center
of mass of a filled Space Cup 4 mounted in Slot 2.
The Tubes
A set of 10 disposable silicon tubes were included in the Capillary Beverage Payload.
Five of the tubes are 127 mm long, others 254 mm long, and all have a 7.9 mm OD
and 4.8 mm ID. The tubes are used in the capillary siphon demonstrations in Capillary
Beverage flight operations 7 and 8 to be described shortly. The tubes also add potential
to successfully interface with ISSpresso. The tubes are referred to by their Op Nom ‘6"
tube’ and ‘10" tube’ throughout this thesis.
The Beverages
The ISS has a supply of water for crew consumption provided by the Potable Water Dis-
penser (PWD) shown in Fig. 4.13a. ‘Ambient’ (25◦C ) or ‘hot’ (80◦C ) water is dispensed
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into the Drink Bags (Fig. 4.13b) at incremental volumes (25 to 250 mL in 25 mL incre-
ments) [113]. The PWD is also used to reconstitute dehydrated beverages of various
types. Of the over 50 different types of potential beverages, Capillary Beverage selected
7 as test fluids for the complete experiment.
NASA provided ISS flight Drink Bags to Portland State University, where students
measured critical, temperature dependent properties for each beverage at various
temperatures. A summary of the measurements can be seen in Table 4.2.
Figure 4.13: Astronauts depend on the (a) Potable Water Dispenser for ambient and hot
water during their stay aboard the ISS. (b) Flight certified Drink Bags filled with dehydrated
beverages provided by NASA for fluid property measurements. A soft silicon drinking straw
with squeeze clamp used to transport liquids from the Drink Bag to the Space Cup is shown
below the bags. Tube exit ID is 5 mm and overall length is 122 mm. Photo courtesy: NASA
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4.2.3 Procedures
Images of the 3 astronauts who conducted the Capillary Beverage experiments are pic-
tured in Fig. 4.14. Most of the crew procedures were carried out aboard ISS during di-
rect space-to-ground communications with the PI (Weislogel) and the PD (Wollman)
on the ground. There were four types of experiments; fill, drain (drink), oscillation, and
capillary siphon. The details of the procedures for each type of experiment follow. An
online video clip showing a setup, fill, and drain procedure is available at [114].
Figure 4.14: (left to right)NASA astronauts Scott Kelly (left) and Kjell Lindgren (middle) and
JAXA astronaut Kimiya Yui (right) performing the Capillary Beverage Experiment aboard
the ISS during Expedition 44/45.
Fill
The Space Cups are filled from the Drink Bags using the drinking straw. The fill tests are
conducted at the beginning of each operation and repeated as necessary throughout
the operation. The cups are filled from either a dried state or a pre-wet state. The
location of the drinking straw is specified by the investigator team on the ground. The
different fill locations with the drink bag straw located at the lip, corner vertex, cup
base, or at the rear of the cup, can be seen in Fig. 4.15. The instantaneous fill rate is not
usually known and therefore a time averaged flow rate 〈Ql 〉 is used when describing
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flow rate.
〈Ql 〉
1
3
2
4
Space Cup 4
Drink Bag
Drink Bag Straw
Figure 4.15: Drink Bag straw locations as directed from the ground team, for the fill pro-
cedures; (1) at the lip, (2) in the corner vertex, (3) at the base, and (4) at the rear of the cup.
Blue shaded rectangles represent the Drink Bag straw, arrows indicate liquid flow direction
of average flow rate 〈Ql 〉.
Drain
The drain test procedure is the astronaut actually drinking from the cup. Drinking be-
gins when the crew member places their mouth on the lip of the Space Cup, establish-
ing a capillary connection with the liquid in the cusp of the lip, and allowing liquid to
enter their mouth or actively drawing liquid into their mouth through suction. These
tests are conducted in either a staggered or sustained drinking manner.
For the Staggered Drinking tests, crew members are directed to draw in a single (or
double) ‘sip’ of liquid into their mouth, and pull away from the cup. The remaining
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liquid in the Space Cup is allowed time to reorient and settle before the another drink
test is performed.
For the Sustained Drinking tests, the crew member is directed to draw, as smoothly
and continuously as possible, liquid into their mouth, swallowing along the way, until
the Space Cup is empty or crew members are requested to stop. Drinking rates are
qualitatively requested of the crew (i.e. “Same as last time but a little slower.”). Due to
the parastaltic nature of drinking, the time averaged flow rate 〈Ql 〉 is used to quantify
drain rates.
astronaut Space Cup
Space Cup Stand
〈Ql 〉
t
〈Ql 〉
〈Ql 〉
Figure 4.16: Typical field of view for drain processes. The Space Cup is rigidly mounted
in Slot 3 of the Space Cup Stand at a 25◦ tilt toward the crew member. The astronaut (sil-
houetted) appears on the left with mouth on Space Cup lip and nose above the bulk fluid.
Black lines outline meniscus locations at times during drain. The dotted arrow indicates
direction of meniscus advancing with increasing time t . The large arrow indicates liquid
flow direction of average flow rate 〈Ql 〉 into the astronaut’s mouth.
Oscillation and Stability
The stability of the liquid inside the Space Cup is tested by manually oscillating a par-
tially filled cup. Both linear and angular oscillations are imparted to the cup by the as-
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tronaut. Schematics illustrating the procedure for these tests are provided in Figs. 4.17
and 4.18.
Slot 1 Slot 2 Slot 3
x(t ) ,ω
∀l
Figure 4.17: Schematic of the Capillary Beverage linear oscillation and stability tests. The
astronaut fills the cup with a beverage of volume ∀l , places the cup in one of the three
slots per PD direction, and oscillates the Space Cup Stand at amplitude x and frequency ω
as shown by the black arrow in the plane parallel to the camera field of view.
Slot 1 Slot 2 Slot 3
β(t ) ,ω
∀l
AOR
Figure 4.18: Schematic illustrating the Capillary Beverage angular oscillation and stability
tests. The astronaut fills the cup with a beverage of volume ∀l , places the cup in one of the
three slots per PD direction, and rotates the Space Cup Stand back and forth about the axis
of rotation (AOR) at amplitude β and frequency ω.
103
Capillary Siphon (passive and active)
Capillary Siphon experiments were conducted to illustrate capillary transport from
Drink Bag-to-cup, cup-to-cup, bag-to-cup-to-cup, and cup-to-cup-astronaut, pro-
vided a curvature gradient is present. The procedure for the cup-to-cup capillary
siphon is as follows: Space Cup 4 and 6 are placed next to each other, close enough
for the 10" tube to connect the cups. Space Cup 4 is completely filled from the drink
bag. The 10" tube is placed into Space Cup 4. Using their mouth, the astronaut sucks
liquid into the tube until liquid bulges out the end. The tube is then placed into the
vertex of the smaller Space Cup 6. As soon as the liquid contacts both sides of the ver-
tex, the capillary pressure drops and liquid starts to flow from Space Cup 4 to Space
Cup 6. A schematic and photograph of the experiment are shown in Fig. 4.19 and in an
online video clip [115].
Space Cup 6 Space Cup 4
10" Long Tube
Ql
Figure 4.19: Schematic and photo of capillary siphon experiment: cup-to-cup.
During one fill procedure Scott Kelly let go of the Drink Bag and we witnessed a
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capillary siphon from the bag into the cup. The capillary pressure generated by the
cup’s geometry was sufficient to over come the bag stiffness and partially drain the
Drink Bag. A schematic and photo of the event are provided in Fig. 4.20.
Space Cup 4
Drink Bag
Ql
Figure 4.20: Schematic and photo of capillary siphon experiment: bag-to-cup.
Inserting the Drink Bag Straw into Space Cup 4 allows for a demonstration of the
capillary siphon to fill a cup, through a cup, from a bag. Here the low pressure in Space
Cup 6 draws liquid from the Drink Bag through the 10" tube and Space Cup 4. The
schematic and photo of this demonstration can be seen in Fig. 4.21.
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Space Cup 6 Space Cup 4
10" Long Tube
Ql
Drink Bag
Figure 4.21: Schematic and photo of capillary siphon experiment: bag-to-cup-to-cup.
The capillary siphon experiments also included continuous siphoning. During
these tests astronauts were asked to drain the smaller Space Cup 6 at a steady rate.
As the volume of the liquid in the smaller cup decreased, the curvature of the liquid
interface increased, creating a low pressure that drew liquid from Space Cup 4 via the
10" Tube, effectively allowing the astronaut to drink from Space Cup 4 via Space Cup 6.
An online video clip of this capillary siphon experiment is available at [116].
4.2.4 Flight Operation Summaries
During the 8 science operations of the Capillary Beverage Experiment, 213 experiment
runs were successfully completed. A summary of the science operations is provided in
Table 4.3. Tables 4.4-4.8 divide the Test Operations and experiments according to as-
tronaut (4.4), Space Cup used (4.5), ISS Increment (4.6), beverage (4.7), and experiment
type (4.8).
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Table 4.3: Summary of the Capillary Beverage experiment operations. Operation 6 was
canceled and Operation 9 was added to replace it.
Op
No.
GMT Date Astronaut Cup Beverage Exp. Type
Exp.
Qty.
1 2015-182 Scott Kelly 4 Kona Black
Fill 2
Staggered
Drain
7
Sustained
Drink
1
Bonus
Cleaning
1
Op Total 11
2 2015-189 Scott Kelly 4 Water
Fill 6
Staggered
Drain
19
Sustained
Drain
1
Op Total 26
Continued on next page
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Table 4.3 – continued from previous page
Op
No.
GMT Date Astronaut Cup Beverage Exp. Type
Exp.
Qty.
3 2015-194 Scott Kelly 4
Peach-Mango
Smoothie
Fill 5
Staggered
Drain
22
Sustained
Drain
1
Op Total 28
4 2015-223 Kimiya Yui 5 Water
Fill 7
Staggered
Drain
9
Sustained
Drain
7
Op Total 23
5 2015-230 Kjell Lindgren 3,4 Lemon Lime
Fill 4
Staggered
Drain
17
Sustained
Drain
1
Bonus 25
Op Total 47
Continued on next page
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Table 4.3 – continued from previous page
Op
No.
GMT Date Astronaut Cup Beverage Exp. Type
Exp.
Qty.
7 2015-246 Kjell Lindgren 4 Water
Fill 1
Impulse 1
Oscillation
(linear)
15
Stability
(linear)
10
Stability
(angular)
7
Staggered
Drain
6
Bonus 5
Op Total 45
8 2015-254 Kimiya Yui 4,6
Tropical
Punch
Fill 7
Staggered
Drain
2
Sustained
Drain
6
Op Total 15
Continued on next page
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Table 4.3 – continued from previous page
Op
No.
GMT Date Astronaut Cup Beverage Exp. Type
Exp.
Qty.
9 2015-265 Scott Kelly 4,6 Kona Black
Fill 5
Staggered
Drain
7
Sustained
Drain
4
Extended
Wait
1
Op Total 17
Table 4.4: Summary of the Capillary Beverage experiment operations by astronaut.
Astronaut Ops Experiments
Scott Kelly 4 82
Kjell Lindgren 2 92
Kimiya Yui 2 39
Table 4.5: Summary of the Capillary Beverage experiment operations by Space Cup num-
ber. Note: Space Cup 1 and 2 were used for Demo Operations only.
Cup No. Ops Experiments
3 1 6
4 8 164
5 1 14
6 2 28
110
Table 4.6: Summary of the Capillary Beverage experiment operations by ISS flight incre-
ment.
Increment Ops Experiments
44 7 181
45 2 32
Table 4.7: Summary of the Capillary Beverage experiment operations by beverage. Diluted
implies beverage was mixed with some water.
Beverage Ops Experiments
Kona Black 3 50
Kona Black (diluted) 1 2
Kona CreamHalfSugar 1 5
Lemon Lime 1 15
LemonLime (diluted) 1 7
Peach Mango 1 23
Peach Mango (diluted) 1 5
Tropical Punch 4 15
Water 1 90
Table 4.8: Summary of the Capillary Beverage experiment operations by experiment type.
Experiment Type Ops Experiments
Fill 8 36
Staggered Drain 8 87
Sustained Drain 8 21
Double-Sip 1 2
Oscillation (linear) 1 15
Stability (linear) 1 10
Impulse 1 1
Stability (angular) 1 7
Capillary Connection Established 1 1
Extended Wait 1 1
Bonus/misc 3 10
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4.2.5 Galley Demonstration: Flight Demo Operations
Two galley demo operations were conducted in addition to the 8 science test op-
erations. These operations were structured as Education Payload Operations (EPO)
events. Instead of taking place in the US lab, the demonstrations were conducted in the
ISS galley. While the PD provided suggestions of things to say and do, the events were
largely unscripted astronaut interactions with the Space Cup and with each other. The
events were captured using up to 3 HD cameras with various vantage points through-
out the galley. The camera setup was left entirely to the crew. In addition to being
entertaining, the demo operations provided insight into how casual interaction with
the cup may impact living in space. Fig. 4.22 provides an image summary of the video
available online [117].
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Figure 4.22: With more than 2 hours of candid footage of crew using the Space Cups, a
selection of events are provided as Capillary Beverage Galley Demo Operation highlights:
(a) Scott Kelly ‘hands-free’ filling Space Cup 2 ‘upside down’ with coffee cream and sugar.
(b) Kjell Lindgren performing the classic ‘look Ma, no hands’ drink. (c) Kelly passes Lind-
gren a coffee the entire length of Node 2. Despite tumbling end-over-end, the coffee stays
in the cup and is gently caught by Lindgren. (d) Lindgren does a back flip while drinking
coffee. (e) Kelly and Lindgren having an upside down tea party. (f ) A hands-free mid-air
toast. (g) Kimiya Yui preparing his concentrated liquid coffee for the first time in a Space
Cup. (h) Yui and Lindgren unwind after a hard day at work. (i) An effervescent tablet is
placed in the cup producing bubbles that merge, ejecting droplets when coalescing with
the free surface. Note that the interior corner of the Space Cup is free of bubbles.
4.2.6 Astronaut Feedback
Astronauts provided feedback on Capillary Beverage filling out a payload question-
naire and attending the payload debrief meeting at NASA MSFC post flight. While crew
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responses were overwhelmingly positive, there were several aspects of using the Space
Cup that were negative. We dwell here on the latter.
Feedback from the crew members on the performance of the cup was immedi-
ately positive. From “I really didn’t think this thing was going to work" to “magic” to
“eerily similar to drinking on earth,” the crew conveyed the surprise one feels as cap-
illary pressure supplies sufficient flow rate to the mouth. In addition, the Space Cup
allowed astronauts to smell their coffee which they all agreed was an important and
pleasing component of tasting the beverage. Without significant convection, the odors
remain close to the cup and do not waft throughout the ISS. On his own accord, one
crew member was able to mix a personal liquid concentrate with water in the Space
Cup and would not have been able to otherwise without great difficulty. Another crew
member was able to use the Space Cup to brew fresh coffee in space in ‘pour-over’
fashion [118,119]. Crew members were able to make qualitative comparisons between
the Space Cups and mentioned that drinking from the cup without a lip (Space Cup 4)
was “difficult” and “very slow”.
The Space Cup worked well at containing cold and hot beverages but the crew
needed to be careful not to abruptly jostle the cup. We note that it was easy for the crew
to ‘not spill the coffee,’ it just required care, the same one might exert with a hot cup
over a laptop computer on earth. We also note that, during one of the Galley Demo Op-
erations, Kelly purposely spilled coffee, which floated freely and was readily collected
in the same cup from which it was spilled.
When sucking fluid from a straw the mouth is puckered, restricting the volume of
the oral cavity. When drinking from a cup with an open relaxed mouth the oral cavity
volume is free to expand. On first usage the crew reported a feeling like they were
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taking more liquid into their mouth than normal, “like drinking from a bowl.” The
excess of liquid would be no problem on earth as gravity would hold it down to the
tongue, but in the microgravity environment the liquid is free to coat all surfaces of the
mouth which led to some dysphagia, or difficult in drinking. This is thought to result
from liquid flowing into the nasopharynx (see Fig. 4.23) or from prematurely triggering
the pharyngeal phase of swallowing. The discomforting feeling at worst was described
once as something like a “drowning sensation,” but more often resulted in a few coughs
after a particularly large mouthful.
Nasopharynx
Oral Cavity
Oropharynx
Nasal Cavity
Tongue
Figure 4.23: Median section view of pharynx.
Concerning everyday use and interactions with the cup, the crew mentioned that
the cups geometry made it somewhat difficult to clean. The takeaway message here
has more to do with distaste in doing dishes in space rather than in the Space Cup
in particular. In summary, the Capillary Beverage experiment provided scientific data
for large-length scale capillary fluidics for complex, partially-wetting fluids and was
reported as fun and entertaining to use. The Capillary Beverage Space Cups remain
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the vessel of choice for connoisseurs of aromatic beverages in orbit.
4.3 Experimental Results
4.3.1 Data Acquisition and Reduction
Data from the Capillary Beverage experiment is entirely image-based. The US Lab
Camcorder (Cannon FX305) records the experiments at 50 Mbps; 1280 x 720; 60p.
The camcorder also transmits via live HD downlink to the PSU ISS Tele-Science Cen-
ter where it is recorded. Adobe Premier Pro is used to edit the footage. In order for
all the footage to have a similar look (i.e. the vertex of the cup facing left in the field
of view), the video images are zoomed, translated, and color corrected as shown in
Fig. 4.24. The videos are cut into shorter segments isolating experiment runs. The
footage is organized and converted to PNG image sequences to be read and digitized
by Spotlight-16.
a
b
1 2 3 4 5 6
Figure 4.24: Sample images illustrating the video processing sequence. The (1) raw images
are (2) flipped horizontally such that the lip of the cup is framed left (if necessary), (3)
centered and zoomed such that the cup fills the field of view, (4) white balance corrected,
(5) levels adjusted, and (6) sharpened.
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4.3.2 Fill
Filling the Space Cup at the lip of the cup as in Fig. 4.25 insures the bulk liquid connec-
tion to the lip. The liquid is retained in the vertex of the cup. The liquid entering the
cup is pushed upstream toward the base as liquid fills in the vertex region.
Figure 4.25: Image sequence of astronaut filling the dry Space Cup with Lemon Lime from
the lip of the cup. Image sequence every 6.7 s. Final image is equilibrium configuration
after fill is completed.
Filling the cup with the drink straw placed at the vertex of the Space Cup yielded
similar results as seen in Fig. 4.26. The liquid entering the cup rises along the vertex of
the cup during the fill. Once the liquid reaches the lip of the cup, the contact line starts
to move away from the vertex.
Figure 4.26: Image sequence of astronaut filling the dry Space Cup with Kona Black from
the vertex of the cup. Image sequence every 5 s. Final image is equilibrium configuration
after fill is completed.
A similar process is observed when filling the cup from the base as shown in
Fig. 4.27. The liquid spreads until the downstream side of the liquid wets the vertex
of the cup. At this point the liquid rises in the vertex ahead of the infill flow. Once the
liquid reaches the lip of the cup the contact line advances away from the vertex toward
the rear of the cup until the procedure is complete.
117
Figure 4.27: Image sequence of astronaut filling the the dry Space Cup with water at the
base. Fill images shown every 16 s. Final image is equilibrium configuration after fill is
complete.
In certain cases the cup does not provide the necessary free surface curvature gra-
dient to ensure a capillary connection to the lip of the cup. The image sequence in
Fig. 4.28 shows the astronaut filling a dry cup at the rear using Peach-Mango Smoothie.
The volume of liquid deposited remains isolated, not connecting with the cup vertex.
Figure 4.28: Filling dry Space Cup 4 with Peach-Mango Smoothie at the rear.
If, however, the Space Cup is pre-wetted from a previous run and there is liquid
present in the vertex of the cup, there is a liquid connection from the rear of the cup to
the lip of the cup. As shown in Fig. 4.29, liquid deposited in the rear of the cup under
this condition has the ability to travel to and up the vertex of the cup to the lip.
Figure 4.29: Filling pre-wet Space Cup 4 with Peach-Mango Smoothie at the rear.
A capillary connection is not limited to the vertex of the cup. A pre-wet cup may
possess thin films on the walls of the cup providing a favorable wetting condition with
connection to the vertex. Fig. 4.30 provides an image sequence of the first few seconds
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of a fill with the drink straw located at the side wall of the cup a distance away form
the vertex. As liquid enters the cup, it spreads out along the preexisting film on the cup
walls and eventually is wicked to the vertex of the cup.
Figure 4.30: Filling pre-wet Space Cup 4 with Kona Black at the side wall. Image sequence
every 10 s.
A pre-wet cup effectively changes the contact angle of the cup. The contact an-
gle was varied for Space Cup 5 by the presence of a coating. The image sequences in
Fig. 4.31 compares the fill of cold water in two different dry Space Cups. In the un-
coated Space Cup 4 (Fig. 4.31a) the fill begins at the rear of the cup where it accumu-
lates. A high advancing contact angle prevents the liquid from wicking spontaneously
into the vertex. As the astronaut continues to fill the cup the meniscus of the advanc-
ing liquid traps a bubble in the lower portion of the cup. In the coated Space Cup 5
(Fig. 4.31b) the fill again begins in the rear of the cup where it accumulates. However,
when a sufficiently narrow region of the vertex is reached, the liquid rapidly advances
along the vertex to the lip.
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a
b
Figure 4.31: Comparing the fill of water into (a) Space Cup 4 (θ > 47◦) and (b) Space Cup 5
(θ < 47◦).
Optical volume measurements are effected by bubbles, undissolved partials and
liquid transparency. Bubbles generated from manipulating the drink bag during re-
constitution of the beverages were frequently deployed into the cup. Surfactants
present in the drinks prevent or delay coalescence. The volume of air bubbles deployed
into the cup offsets the measured liquid volume. The variety of bubbles frequency and
size for a variety of beverages is shown in Fig. 4.32. Liquid transparency also varies and
can be compared in Fig. 4.32.
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a b c d
Figure 4.32: Variety of bubbles introduced to the cups during fill tests. (a) water requires
no mixing or manipulation of the drink bag and generally enters the cup bubble-free. (b)
Lemon-Lime tended to have a few large bubbles while (c) Kona Black tended to have many
smaller bubbles and undissolved coffee particles introduced during fill. The coffee is more
opaque than most beverages with the exception of (d) Peach-Mango Smoothie which is a
thick matrix of small air bubbles and smoothie particles, making it impervious to optical
interrogation.
After each fill 3 to 5 minutes were allowed to establish equilibrium. Fig. 4.33 pro-
vides an image sequence every 30 s for 3 min showing the migration of ambient tem-
perature water in Space Cup 5 from its initial fill orientation toward at least a local
minimum energy configuration. Significant hysteresis prevents certain equilibrium in
certain cases. We are not willing to wait the potentially many hours expected to reach
equilibrium [120] before conducting what we considered the more important tests. To
speed equilibrium the crew at times is instructed to impart disturbances to the system
by tapping the sides of the cup and/or by bumping the MWA workbench.
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∆t = 30 s
Figure 4.33: Ambient temperature water reorients in Space Cup 5 after fill. A > 3 min wait
before the drain test started was required for this case.
Drain
Reviewing the Capillary Beverage drain tests revealed two major phenomena of note:
The critical drain rate at the lip and the impact of drain rate on liquid holdup volume.
The natural flow rate the Space Cup is capable of delivering liquid to the lip of the cup
is the critical drain rate. This rate is a function of surface tension, wetting conditions,
local geometry, and fill fraction. Draining or drinking faster than the critical drain rate
results in air entrainment witnessed by the sound of slurping and a shallow inflection
of the liquid interface at the lip of the cup. The critical drain rate decreases with volume
making it easier for crew to slurp lower volumes of coffee. Fig. 4.34 compares a drain
rate slower than the critical drain rate, sub-critical draining, and a drain rate faster than
the critical drain rate, super-critical draining.
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Figure 4.34: Comparison of (a) sub- and (b) super-critical drain rate from Space Cup 4.
Toward the end of drain tests liquid films are all that provide capillary connection
between liquid in the hips and vertex of the cup. As draining continues, the film con-
nection breaks leaving islands of liquid in the hips of the cup. Isolated liquid left in the
cup is called holdup. We observe the slower the drain the smaller the hold up. While
the drain rate plays a role in the holdup volume, holdup is more sensitive to wetting
conditions. Holdup is discussed in more detail in §4.4.2.
Oscillation and Stability
Oscillation and stability tests are conducted by directing the astronaut to slide the par-
tially filled Space Cup back and forth in front of the camera. The videos of the oscil-
lation tests show the stand and cup moving back and forth across the field of view of
the camera primarily in the x-direction. Out-of-plane motion and rotation was slight
and assumed negligible. The position of the stand is tracked using the Spotlight-16
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threshold tracking tool. Central differencing is used to convert position data into ve-
locity and acceleration data for the cup. The FFT spectrum for the position data is
used to clarify the major frequency and amplitude of the manual crew input such that
X =F {x}, where F is the discrete Fourier transform. Oscillation tests where no free
surface instability is observed are summarized in Fig. 4.35. The experiment number,
cup orientation, x-position, velocity v , acceleration a, and Fourier transformF {x} are
aligned for easy comparison. Oscillation tests where the free surface is destabilized are
summarized in Fig. 4.36. The red circle with the cross indicates the time the instability
occurred on the x, v , and a plots.
Exp.
No.
Orientation x(t) [mm] v(t) [mm/s] a(t) [mm/s2] X(ω) [mm]
11
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.7,7.28)
14
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.7,10.69)
15
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.7,11.64)
16
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.7,15.04)
22
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.94,9.43)
40
0 2 4
−20
0
20
time [s]
0 2 4
−200
0
200
time [s]
0 2 4
−2,000
0
2,000
time [s]
0 2 4
0
10
20
30
(1.4,13.08)
Freqency [Hz]
Figure 4.35: Summary of stable Capillary Beverage linear oscillation experiments.
Columns are experiment number, cup orientation, x-position, velocity v , acceleration a,
and Fourier transformF {x}.
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Exp.
No.
Initial Condition Instability x(t) [mm] v(t) [mm/s] a(t) [mm/s2] X(ω) [mm]
17
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0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(0.94,12.25)
20
−20
0
20
−200
0
200
−2,000
0
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0
10
20
30
(0.94,16.45)
23
−20
0
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−200
0
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−2,000
0
2,000
0
10
20
30
(0.94,10.56)
25
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0
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0
200
−2,000
0
2,000
0
10
20
30 (0.7,28.17)
27
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0
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−200
0
200
−2,000
0
2,000
0
10
20
30
(0.7,17.86)
28
−20
0
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−200
0
200
−2,000
0
2,000
0
10
20
30
(0.23,3.41)
29
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(3.98,2.87)
39
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(2.34,10.52)
41
−20
0
20
−200
0
200
−2,000
0
2,000
0
10
20
30
(2.11,15.65)
42
0 2 4
−20
0
20
Time [s]
0 2 4
−200
0
200
Time [s]
0 2 4
−2,000
0
2,000
Time [s]
0 2 4
0
10
20
30
(1.87,14.07)
Freqency [Hz]
Figure 4.36: The Capillary Beverage linear oscillation stability experiment summary. Each
experiment run is numbered with an image still of the Space Cup just prior to initiation
of the oscillations x-position, velocity v , acceleration a, and Fourier transform F {x} are
listed. The red circle with the cross indicates the time the instability occurred on the x, v ,
and a plots.
The instability appears to have 3 modes: (1) The bulk interface becomes unstable
by forming a jet (or geyser) parallel to the direction of travel (test 17), (2) the liquid
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at the lip is ejected parallel to the interior corner (tests 20, 23, 25, and 39), or (2) the
bulk liquid becomes unstable forming rivulets (or wall-bounded geysers) along the
cup walls (tests 27, 28, 29, 41, and 42). Table 4.9 provides test details and supports
subsequent discussion.
Plotting the Dynamic Bond number Boa = for each test does not reveal any organi-
zation. A Bond number similar to angular Bond number
Boω = ρXω
2RL
σ
, (4.1)
where Boω is the frequency Bond number, X is the magnitude of the dominate fre-
quency ω of the input, and R and L are characteristic lengths, provided a meaningful
measurement for comparing the oscillation runs. Balancing the inertial and pressure
terms of the Navier-Stokes equations provides a scaling for the first sub-harmonic fre-
quency of the Space Cup with which to compare to experimental results. While the
critical Bond number at which instabilities occur is a function ofωn , instabilities occur
for higher Boω for each ωn .
ωn ∼
(
σ
ρR3
)1/2
(4.2)
where ωn is the first sub-harmonic and R is the characteristic radius of the curvature
of the interface.
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Figure 4.37: Space Cup stability visualized on Bond number vs first sub-harmonic fre-
quency plot.
A detailed analysis of the seven angular oscillation experiment runs are not pro-
vided here. However, in general, angular oscillations produced instabilities at the lip
of the cup before producing wall bound rivulet instabilities in the bulk. Fig. 4.38 shows
the instabilities for two volumes of liquid.
a b c
Figure 4.38: Instabilities caused by rotational inputs with two different liquid volumes. For
large volumes (a) the liquid in the bulk sloshes but the instability (arrow) occurs at the lip.
For low volumes (b and c) the instability (arrow) occurs at the lip before it occurs as a wall
bound rivulet (geyser).
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4.4 Computational Fluid Dynamics
Two types of simulations of the Space Cups’ performance were modeled using Star
CCM+’s VOF model. The first simulations seek static equilibrium configurations. The
second focuses on the dynamic draining events (drinking simulations).
4.4.1 Static Equilibrium
For the static equilibrium simulations, the internal volume as well as the lip of the cup
are included in the solution domain. A 1 cm high air ‘lid’ surrounds the lip and covers
the cup. The domain is meshed using Star CCM+’s surface remesher and polyhedral
mesher to split the domain into 0.2 million irregular polyhedral elements. The translu-
cent meshed domain is shown in Fig. 4.39.
Figure 4.39: The solution domain consists of the interior volume of the Space Cup (gray)
capped with a 1 cm high volume of air (orange). The mesh consists of 0.2 million irregular
polyhedral elements.
As shown in Fig. 4.40, two boundary conditions are implemented. The cup walls
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are specified as no-penetration, no-slip walls with constant static contact angle θS .
The air ‘lid’ sides are specified as pressure outlets where the velocity at the boundary
face is extrapolated from interior nodes, outflow pressure is constant and specified by
the user (pspeciﬁed = 0 Pa), and the inflow pressure is calculated using
p f = pspeciﬁed−
1
2
ρ f |vn |2, (4.3)
where vn is the velocity normal to the face [9].
Pressure Outlet
Wall
Figure 4.40: The walls and lip of the cup (gray) are defined as no-penetration, no-slip walls.
The air ‘lid’ (orange) boundaries are defined as fixed pressure outlets.
A planar field function defines the liquid level in the cup. The height of the plane
determines the initial volume of liquid in the cup. The liquid volume fill fraction is
defined as φ ≡ ∀/∀cup. For example, the initial free surface condition for φo = 0.89 is
shown in Fig. 4.41. Five initial fill fractions (φo = 0.72, 0.50, 0.28, 0.09 ) are investigated
along with eight different contact angles for the simulation runs. A pictorial summary
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of the equilibrium CFD runs can be seen in Fig. 4.42.
φ0 = 0.89, 0.71, 0.50, 0.28, 0.09
Figure 4.41: Initial field function defined interface configuration for φo = 0.89.
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0.89 0.71 0.50 0.28 0.09
20◦
30◦
40◦
50◦
60◦
70◦
80◦
90◦
θ/φ
Figure 4.42: Summary of equilibrium CFD runs. Rows are solutions with constant contact
angle θ and columns are solutions with constant volume fractions φ. The cup walls are
gray and the fluid interfaces are blue.
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The pressure difference between the liquid and vapor phases are related to the
mean curvatureH of the free surface such that
∆P ∼ 2σH . (4.4)
The computed pressure drop across the interfaces is divided by 2σ to find the surface
curvatureH and plotted in Fig. 4.43.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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90◦
Figure 4.43: Interface mean curvature as a function of liquid fill fractionφ for various con-
tact angles θ. The gray lines connecting data points are aesthetic only.
In general, as the contact angle θS decreases the curvature becomes increasingly
negative at each fill fraction. For fill fractions φ> 0.3, this behavior is monotonic. Liq-
uids that satisfy the Concus-Finn wetting condition, θ <pi/2–α [89], will spontaneously
wick along the interior corner and pin at the cup lip.
Sub-critical contact angles (open symbols) have negative curvature for all fill frac-
tions while critical and super-critical contact angles (filled symbols) have positive cur-
vature at sufficiently low fill fractions. The critical equilibrium contact angle for Space
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Cup 4 appears to be 70◦as the curvatureH → 0 as φ→ 0.
4.4.2 Dynamic Drain
Simulations are also completed for the dynamic drain events (drinking). These simu-
lations are devised to model the natural maximum drain rate of the cup or the critical
flow rate the cup. The assumptions applied of an isothermal, incompressable, Newto-
nian, and laminar flow, are implemented again using Star CCM+’s VOF model. The do-
main of the Space Cup for the drain simulations differs from the static equilibrium sim-
ulations in that the cup lip and the air ‘lid’ are removed from the domain. The meshed
domain is divided into 0.4 million irregular polyhedral elements with the boundary
conditions applied to the domain are no-penetration no-slip walls and a pressure out-
let condition as shown in Fig. 4.44.
Figure 4.44: The domain is divided into 0.4 million irregular polyhedral elements. The
orange top surface of the cup is assigned as a pressure outlet and the gray walls of the cup
are assigned as no penetration no-slip walls with specified static contact angle θS .
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The capillary under pressure gradient drives the liquid along the vertex to the lip of
the cup where it escapes through the pressure outlet boundary surface. The pressure
outlet phase is set to air only, allowing only air to enter the domain replacing the lost
liquid volume. The initial liquid volume ∀lo = 111 ml, φo = 0.75, is prescribed using a
horizontal planar field function 20 mm below the rim of the cup. Initial velocities and
pressures were set to zero. Simulations with contact angles θ = 10◦, 20◦, 30◦, 40◦, 50◦,
60◦, 70◦, and 80◦ are run and compared. The initial flat liquid interface transitions to
its curved convex microgravity shape.
φ0 = 0.75
Figure 4.45: A field function defines a plane parallel and 20 mm below to the top of the do-
main corresponding to a liquid fill fractionφo = 0.75 which prescribes the initial condition
for each drain simulation.
The first 2 seconds of the reorientation phase of the simulation data are not re-
ported. The liquid loss affected by the inertial wave caused by reorientation is not
of interest, only the spontaneous capillary driven pumping. The liquid volume is re-
ported at each time step. The corresponding fill fraction is calculated and plotted with
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time in Fig. 4.46. At early times the volume deceases faster for high contact angles and
slower for low contact angles. At later times the volumes have leveled out but not all
before emptying the cup φ = 0. The volume of liquid remaining in the Space Cup at
the end of the simulation is called the ‘holdup’ volume ∀holdup. The holdup fill fraction
φholdup = ∀holdup/∀cup is plotted as a function of contact angle θ in Fig. 4.47. The cup
has low (< 5%) holdup for partially wetting fluids. Even for the partially non-wetting
fluid (θ = 80◦) the holdup is only 13%. The minimum holdup φholdup = 0.2% occurs
when θ = 50◦.
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Figure 4.46: Liquid volume fraction φ in the cup throughout the simulation. At earlier
times the volume decreases fastest for the highest contact angle θ = 80◦. At later times
drain rates stop and liquid holdup is left in the cup.
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Figure 4.47: Liquid holdup fill fraction φ at the end of the drain simulations as a function
of contact angle. While the holdup is below 5% the cup volume for most partially wetting
fluids, the minimum holdup occurs for θ = 50◦ where φholdup = 0.002.
The location of the holdup volume in the cup changes depending on contact angle.
For θ < 40◦ the liquid tends to be trapped in the hips and rear of the cup. In this case
the wetting condition is sufficient for local minimums of energy to occur in the hips.
For θ > 40◦ the liquid tends to be trapped in the vertex of the cup. The curvature of the
meniscus is sufficiently small so that capillary connection with the liquid in the hip is
not lost. When the fill fraction is too low for the mesh to resolve interface curvature,
the liquid stops draining. In the flight operations, the holdup volume is the volume of
liquid remaining in the cup after capillary connection between the lip and the bulk is
severed and any further draining can only be achieved through air entrainment (slurp-
ing) or adding additional acceleration to the system (centrifugal or linear oscillations).
Fig. 4.48 compares two cases where the holdup volumes were similar but the location
of the fluid differed.
Using a central differencing scheme and then smoothing with a LOESS filter (α =
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θ CFD Experiment Overlay
10◦
60◦
Figure 4.48: Visual comparison of Space Cup holdup volume for CFD and flight ops. Con-
tact angle (left column) is boundary condition for CFD simulation. Here we see the hy-
dophylic coated cup acting like a hydrophobic container where θ ∼ 60◦ rather then the
expected θ ∼ 20◦.
0.05) [121–123], the liquid flow rate is derived from the liquid volume data above and
plotted in Fig. 4.49. The driving force pumping the liquid out of the cup is provided
by the geometry of the cup. The relevant geometry of the cup is not changing with
time but it is with liquid volume. Fig. 4.50 shows the flowrate as a function of volume
fraction for various contact angles. As the cup drains and φ decreases, the flow rate
peaks Qpeak at some point before decreasing to 0. The φ at which the flow rate peaks
Q =Qpeak changes with contact angle. Normalizing the flow rate by the peak flow rate,
the similarity of the cup performance emerges in the plot in Fig. 4.51.
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Figure 4.49: Drain rate Q versus time t of liquid with various contact angles.
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Figure 4.50: Drain rate Q versus fill fraction φ of liquid with various contact angles.
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Figure 4.51: Normalized drain rate Q/Qpeak versus fill fraction φ of liquid with various
contact angles.
The flow rate that the Space Cup produces is driven by the capillary under-pressure
generated by the local curvature of the liquid interface. One way to model the driving
force provided by the cup is as an axisymmetric capillary tube depicted in Fig. 4.52.
The capillary pressure of a liquid slug present in the tube is expressed as
∆P =σ
(
1
R1
− 1
R2
)
, (4.5)
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where R1 is the high curvature (small radius of curvature) driving meniscus and R2 is
the low curvature (large radius of curvature)resisting meniscus. The menisci at both
ends of the tube create an under-pressure in the liquid, however, because the curva-
ture at the lip end is higher, the pressure more negative there than at the bulk meniscus.
The net effect is a negative capillary pressure gradient toward the lip end of the cup.
The resisting capillary pressure generated by the low curvature meniscus at the bulk
end acts to reduces the overall driving pressure. As the liquid drains the bulk meniscus
passes the hips of the cup where the resisting capillary pressure achieves a minimum.
As the bulk enters the vertex of the cup the resisting capillary pressure increases slow-
ing the flow rate. The peak flow rate occurs when the resisting capillary pressure is at
the minimum. The profile view of the cup shown in Fig. 4.53 shows the liquid level for
all simulations at peak flow rate. The volume of liquid decreases with contact angle as
shown in Fig. 4.54, but the contact lines all pass through the hips of the cup as in the
med φ schematic in Fig. 4.52(middle). Modeling the hip region as a sphere, adding the
spherical cap of air to the volume of liquid shows that the volume at which drain rates
peak is independent of the combined volumes as shown in Fig 4.54.
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Figure 4.52: Schematic of Space Cup of driving force model. The driving force of the liquid
is provided by the pressure difference between the two radii of curvature in the tube. As
liquid drains from the tube the shape of the cup causes an increase in R2 that results in a
temporary reduction in resisting capillary pressure and a peak of drain rate.
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Figure 4.53: Images of cup profile showing volumes at peak drain rate for contact angles
(a) θ = 10◦, (b) 20◦, (c) 30◦, (d) 40◦, (e) 50◦, (f) 60◦, (g) 70◦, and (h) 80◦.
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Figure 4.54: Plot of fill fraction at peak drain rates for liquids with various contact angles.
The open circles are liquid volume only. Closed circles are liquid volume plus spherical
cap volume.
Reynolds and Weber numbers are examined at the peak flow rate for each contact
angle. The Reynolds number is the nondimensional ratio of inertial to viscious forces
in a flow, traditionally Re ≡ ρU L/µ, where U and L are the characteristic velocity and
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length scale respectively. Scaling U ∼ Qpeak/Ae and L ∼ A1/2e , where Ae is the cross
flow area of the domain exit, and substituting into the Reynolds number provides a
meaningful parameter to determine the flow regime of the Space Cup such that
Re= ρQ
µA1/2e
. (4.6)
The Reynolds number for each contact angle is plotted in Fig. 4.55. Reynolds numbers
above 1000 indicate that the space cup produces laminar flows in the inertial-capillary
regime.
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Figure 4.55: Peak Reynolds number of Capillary Beverage CFD drain model for various
contact angles.
The Weber number is the nondimensional ratio of inertial to capillary forces in a
flow, traditionally We ≡ ρU 2L/σ, where U and L are the characteristic velocity and
length scale respectively. Scaling U ∼Qpeak/Ae and L ∼ A1/2e , and substituting into the
Weber number provides a meaningful parameter to determine the flow stability of the
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Space Cup such that
We= ρQ
2
σA3/2e
. (4.7)
The Webber number for each contact angle is plotted in Fig. 4.56.
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Figure 4.56: Peak Weber number of Capillary Beverage CFD drain model for various con-
tact angles.
4.5 Discussion
4.5.1 PIV
PIVlab [124–126], a MATLAB based PIV software package is used to track the neutrally
buoyant bubbles following the flow of coffee during a typical drain test. The lensing
effect of the bubbles cause their centers to appear as white dots which the image pro-
cessing software can track. The region of interest encompassing the cup is selected
with a mask covering all but the liquid portion of the cup. PIVlab’s built-in image pre-
processing tools optimize the contrast between the bubbles and bulk fluid. FFT win-
dow deformation algorithm is used for four passes, two with an interrogation area of
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128 x 128 px with a 64 px step, and two with a 64 x 64 px interrogation area with a 32
px step. The Gauss 2x3-point sub pixel estimator is used. After the frames are analyzed
the vector data are filtered using a standard deviation filter set to 6 standard devations,
and the local median filter is applied. Resulting velocity vectors are shown in Fig. 4.57a
and are compared with the vector field of the θ = 10◦ simulation in Fig. 4.57b. Velocity
profiles along along dashed red lines 5 mm below liquid exit are compared in Fig. 4.58.
The numerical simulation provides the critical flow rate a user can drain the cup. Flow
rates below the critical flow rate should result in no slurping, which is the case here.
Partial streaking due to slow shutter speeds prevent similar PIV measurement tech-
niques from being used at faster flow rates.
a b
Figure 4.57: Comparison of (a) PIV to (b) numerical simulation of drain test. The beverage
in (a) is coffee. The liquid in (b) is water with a contact angle of θ = 10◦. Green arrows are
velocity vectors scaled by magnitude. Velocity profiles along dashed red lines 5 mm below
liquid exit are compared in Fig. 4.58.
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Figure 4.58: Velocity profiles from PIV and numerical simulations. Position along red dot-
ted line in Fig. 4.57 is normalized by length L of line. Velocities u are normalized by the
maximum velocity of the critical flow rate provided by the numerical simulations. The
drain rate in the experiment is sub-critical meaning the cup provides liquid to the lip faster
then the crew can drink.
4.5.2 Boundary Conditions
Most of the CFD simulations of the draining Space Cup use the static contact angle
θS for the boundary condition of the liquid at the cup wall. While this is true at the
microscopic scale [127], the mesh density of these simulations is far too coarse to cap-
ture dynamic effects on contact angle due to liquid velocity (i.e. viscous normal forces
bending the interface) [128]. Many correlations and models for dynamic contact angle
have been developed [128–130]. An empirical fit to Hoffman’s data for receding contact
angle θD [129] (in radians) provided Ca≡µUσ¿ 1 is expressed as
θD = 4.54(b2−Ca)0.353 , (4.8)
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where
b2 =
(
θS
4.54
)2.85
. (4.9)
Simulation data is queried for the intersection of the liquid interface and the x-normal
plan for a variety of time steps. Where the line met the cup wall was the location of the
contact line in the x-normal plan. Its average peak velocity was substituted into the
capillary number for a simulations where θS = 10◦,40◦, and 80◦ and plotted in Fig 4.59.
The largest Ca∼O (10−4)¿ 1, thereby justifying the use of eq. 4.8 for analysis.
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Figure 4.59: Ca of contact line for select θS .
Applying eq. 4.8 to the simulation data we can calculate the corrected dynamic con-
tact angle. Because the Ca is low we expect to see little difference, and indeed when %
difference between θS and θD are plotted as in Fig. 4.60 there is a maximum of 10%
difference for θ = 10◦ which is 1◦ difference.
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Figure 4.60: Percent Difference of θD and θS .
Another validation of the original boundary condition would be to apply the dy-
namic contact angle boundary condition and compare results. Fortunately, Star CCM+
11.02.009 allows the use of Kistler’s approach [128] to model the dynamic contact an-
gle, where Kistler contact angle is expressed
θk = fHoff
(
Ca+ f −1Hoff(θS)
)
, (4.10)
where fHoff is the Hoffman function
fHoff = cos−1
(
1−2tanh
(
5.16
( x
1+1.31x0.99
)0.706))
. (4.11)
More details of implementation into the model are available in the Star CCM+ user
guide [10]. The model where θS = 10◦ showed the greatest difference between θS and
θD and is therefore rerun using the Kistler boundary condition. Comparisons of the
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liquid volume and flowrate can be seen in Figs. 4.61 and 4.62, respectively, with no
appreciable differences, thereby further justifying the original boundary conditions.
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Figure 4.61: Comparison of fill fraction φ versus time t for liquid with static contact angle
θS = 10◦ and dynamic contact angle θk = 10◦.
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Figure 4.62: Comparison of drain rate Q versus time t for liquid with static contact angle
θS = 10◦ and dynamic contact angle θk = 10◦.
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4.5.3 Initial Conditions
Each simulation begins with the liquid reorientaiton from a flat interface to that of a
highly curved microgravity meniscus. In order to examine the role liquid reorientation
played in the simulations upon the apparent step reduction of gravity the initial fill
was increased such that φo = 0.99. The initial condition was changed to fill the cup
and drain it starting from a higher fill fraction. Figs. 4.66 through 4.68 compare the
nominal run to that with greater initial fill for liquid with static contact angle θS = 10◦.
While there are only slight difference seen in the fill fraction plot (Fig. 4.66) the flow
rate plots reveal the greatest differences at early times of the simulation. This indicates
that the effects of liquid reorientation are noticabliy affecting the drain rate for the first
half of the simulation. To mitigate this effect an alternative initial condition should be
considered. For example, change the boundary condition of the pressure outlet to a
wall with a contact angle θ = 90◦, run the simulation and allow the liquid to achieve its
low g orientation, then change the boundary condition back to a pressure outlet, and
continuing the simulation.
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Figure 4.63: Comparison of fill fraction φ versus time t for liquid with static contact angle
θS = 10◦ and initial fills of φo = 0.99 and φo = 0.75.
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Figure 4.64: Comparison of drain rate Q versus time t for liquid with static contact angle
θS = 10◦ and initial fills of φo = 0.99 and φo = 0.75.
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Figure 4.65: Comparison of normalized drain rate Q/Qpeak versus time t for liquid with
static contact angle θS = 10◦ and initial fills of φo = 0.99 and φo = 0.75.
4.5.4 Comparing Space Cup 4 to Space Cup 6
CFD runs modeling the draining of the smaller Space Cup 6 volume are also conducted.
The contact angle condition for the comparison runs are θS = 10◦ where only the cup
geometry domain is changed. The volume versus time plot in Fig. 4.66 shows that the
smaller Space Cup 6 drains at a faster rate and lower holdup volume. This is because at
low contact angles the hold up volume is held in the hips of the cup and Space Cup 6
has shallower hips. The shallower hips also minimize peaks in the drain rate. Fig. 4.67
reveals that the difference in flow rate is slight at early times of the simulation, but as
previously discussed, this portion of the simulation is heavily influence by the inertial
wave caused by liquid reorientation. Fig. 4.68 compares the drain rate of each cup as a
function of fill fraction. Recall from Fig. 4.3 that while the cups’ volumes were different,
the curvature of the surfaces were similar. Since the surface curvatures are similar the
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flow rate curves collapse.
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Figure 4.66: Comparison of volume over time for Space Cup 4 and Space Cup 6. θ = 10◦
for both simulations.
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Figure 4.67: Comparison of flow rate for Space Cup 4 and Space Cup 6. θ = 10◦ for both
simulations.
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Figure 4.68: Comparison of flow rate as a function of φ for Space Cup 4 and Space Cup 6.
θ = 10◦ for both simulations. Space Cup 6 exhibits draining forφ→ 0 (hold up approaching
zero).
4.6 Lessons and Applications
The connections the Space Cup makes to full scale fluid management systems aboard
spacecraft are not few. One important lesson from Capillary beverage is that capil-
lary solutions exist for fluid management for partially wetting fluids to the extent that
stable capillary surfaces might be considered as a level of containment. This has im-
plications for water and waste management systems that make up life support systems
required for long duration human space exploration. In addition, no matter the main
mode of liquid transport, containment (or management) capillary solutions could and
should be considered to increase the level of reliability of the system. As identified by
others our experience with capillary beverage warns against dependence of coatings
for capillary sensitive systems, especially systems that are exposed to corrosive liquids
or routine cleaning.
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During the capillary beverage experiment, a direct application of the design ap-
proach was made to brew a fresh cup of coffee from k-cup style coffee pods. A Space
Brewer was designed, manufactured, and shipped to the ISS in time for NASA astro-
naut Kjell Lindgren to brew a fresh cup of coffee. Fig. 4.69 shows the assembly process
for the Space Brewer. Fig. 4.70 annotates the coffee brew into the Space Cup from
which Lindgren drinks in Fig. 4.71.
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Figure 4.69: The Space Brewer assembly procedure used to brew a cup of coffee in space.
(a) The (1) Brewer top and (3) lid are shown. The Brewer top has a cavity in the base for the
(3) coffee pod to fit. A Luer-Lock syringe is also required but not shown. (b) The (3) coffee
pod is placed in the cavity of the Brewer top. The (4) hose barb fitting punctures the pod
when assembled. (c) The syringe attaches to a (5) needle-less injection fitting at the base
of the Brewer.
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Figure 4.70: Time sequence of the pour-over method of brewing coffee in space. The sy-
ringe filled with hot water is attached to the needle-less injection fitting at the base of the
Brewer. As the syringe is depressed, hot water passes through the hose barb fitting and into
the coffee filter. Air in the cavity escapes into the cup via a transfer tube at the base of the
cup. Coffee exits the filter, enters the cavity at the base of the brewer, and exits the cavity
through a transfer tube into the vertex of the cup. (a) Coffee is pushed into and along the
vertex at 0.2 m/s. (b) A 28 mm long 15 mm diameter geyser is pushed out the lip of the cup
before capillary forces retract it back into the cup. (c) Intermittent 2-phase bubble-slug
flow is begins as air trapped in the pod cavity begins to escape. (d) Bubbles with diameters
D ∼ 5±2 mm enter the cup and swirl around in the current of the coffee. Note the absence
of bubbles in the vertex of the cup. (e) Eventually the air in the cavity empties and only liq-
uid exits continuing to fill the cup and swirl the coffee. (f) The syringe is emptied of water
and air at the bottom of the syringe begins to fill the coffee pod cavity, indicating the brew
has ended.
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a Photo of the fully assembled IPRI Space
Brewer.
b NASA astronaut Kjell Lindgren drinking freshly
brewed coffee from the IPRI Space Brewer.
Figure 4.71: The IRPI Space Brewer.
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Chapter 5
Accomplishments and Directions
The Dryden Drop Tower is a highly productive drop tower facility with an average drop
rate of over 1000 drops per year and over 6000 drops conducted in total with >1240
drops conducted by the author alone. The majority of tests conducted by the author
between 2011 and 2016 relate to capillary fluidics research (737). A summary of this
work is outlined here to conclude the thesis.
Low-g capillary fluidic themes such as capillary rise, liquid interface reorientation,
droplet ejection, nozzle optimization, nozzle defect implications, droplet impact, jet
ejection, jet break up, jet impact, droplet and puddle jump, bubble jump, phase sep-
aration, filling, draining, and other microgravity phenomena are examined. Of the
737 drops 335 were in partnership with industry with applications in microfluidics on
earth including jetting, bubble management, assay well design, and fluids manage-
ment aboard spacecraft including phase separators, contingency urinals, low-g liquid
volume measurement, and brine dewatering subsystem designs.
The scope of experiments conducted includes more than capillary fluidics re-
search. The drop tower tests performed also include droplet combustion, flame extinc-
tion, flame propagation, gaseous jet combustion, and various solid mechanics demon-
strations. A variety of tests were also conducted for STEM tour and outreach projects,
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industry partnerships, and miscellaneous tests. Drop tower research drops (169) fo-
cused on drop tower design, testing, and optimization. Drag shield alignment, low-g
drag measurements, control software development, and deceleration magnet gap ad-
justment are all pursued, leading to increased knowledge for further drop tower design
and optimization. Droplet and gas jet combustion drops (34) show droplet velocity
and gas flow rate impact on flame shape, soot extrusion, propagation, and rupture.
Solid mechanics tests (37) demonstrate the effect a step reduction of gravity has on a
precessing gyroscope, a swinging pendulum, a rotating pendulum, and more. Miscel-
laneous tests examining electrostatics, ferrofluids, and rocket control systems in mi-
crogravity were also pursued.
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Figure 5.1: Summary of the author’s drop tower tests completed in large part in support of
this research. The majority of the drops are related to capillary fluidics. These drops are
subdivided into academic research, testing industrial applications, and outreach drops.
Outreach drops include exploratory drop tests conducted for tour groups and CELERE par-
ticipation.
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Somewhat atypical of modern PhD research, there seems no single research path
forward. The approximately 30 novel observations in capillary fluidics reported herein
offer just as many research directions. Any one provides for ample thesis-level work.
Additionally, with each exploratory test, new ideas arise leading to even further paths
ahead. As might be expected, increasingly focused numerical modeling, theoretical
analysis, and refined drop tower tests are currently under way by subsequent graduate
students for many of the phenomena originally observed here.
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5LFR $PHULFDQ 6DPRD *XDP WKH 1RUWKHUQ0DULDQD ,VODQGV WKH869LUJLQ ,VODQGV
DQGDOO'2'($VFKRROV IRU WKHFKLOGUHQRI86PLOLWDU\SHUVRQQHO LH VFKRROVRIWKH
86'HSDUWPHQWRI'HIHQVH(GXFDWLRQ$FWLYLW\&LWL]HQVKLSLVQRWUHTXLUHG<RXWKDUH
IUHHWRJHWKHOSIURPDGXOWVIRUH[DPSOHLQFUHDWLQJWKHLU&$'GUDZLQJ

:+(1"  7KH GURS WHVWV ZLOO EH FRQGXFWHG LQ WKUHH VHWV LQ HDUO\  ZKHUH WKH
H[SHULPHQW SURSRVDOV DUH VXEPLWWHG E\HPDLO WR FHOHUH#OLVWVQDVDJRYE\ WKH ILUVWRI
)HEUXDU\ 0DUFK DQG $SULO FKRRVH RQH  ZKHUH HDUO\ VXEPLVVLRQ LVEHVW 6HOHFWHG
H[SHULPHQWVDUHW\SLFDOO\FRQGXFWHGGXULQJWKHPRQWKRIWKHVXEPLVVLRQGHDGOLQH

:+(5("  6WXGHQWV SDUWLFLSDWH UHPRWHO\ ZLWKRXW WUDYHOOLQJ WR 368 RU 1$6$  %XW
WKH\FDQLQWHUDFWZLWK1$6$E\HPDLOWHOHFRQIHUHQFLQJRUYLGHRFRQIHUHQFLQJ

:+<"  7KH GHVLJQFKDOOHQJHHQDEOHVVWXGHQWV WR OHDUQDERXWFRPSXWHU WHFKQRORJ\
DQGSDUWLFLSDWH LQ UHVHDUFK UHODWHG WRVSDFHVWDWLRQVFLHQFHERWKRIZKLFKFDQLQVSLUH
WKH SXUVXLW RI 67(0 FDUHHUV  %R\ 6FRXWV FRXOG XVH WKH &$' GUDZLQJ WRZDUG
FRPSOHWLRQ RI WKH'UDIWLQJ PHULW EDGJH $QG VHOHFWLRQ LQ D QDWLRQZLGH 1$6$ GHVLJQ
FKDOOHQJHLVDQDFFRPSOLVKPHQWZRUWKQRWLQJRQFROOHJHDSSOLFDWLRQV
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WKH IDOO  2XU VHQVDWLRQ RI JUDYLW\DQGZHLJKWFRPHV IURPD UHVLVWDQFH WR LWVSXOO IRU
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
368"3URI0DUN:HLVORJHORIWKH3RUWODQG6WDWH8QLYHUVLW\368LVDZRUOGOHDGHULQWKHVWXG\RIFDSLOODU\
DFWLRQDQGZLWK1$6$VXSSRUWKDVKDGVXFKH[SHULPHQWVFRQGXFWHGLQGURSWRZHUVRQWKHVSDFHVKXWWOHRQ
5XVVLD¶V0LUVSDFHVWDWLRQDQGRQWKH,QWHUQDWLRQDO6SDFH6WDWLRQ,66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&&)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&)(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
$VWURQDXWV ZKR¶YH ZRUNHG RQ &)( 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&DVVLG\&DG\&ROHPDQ7UDF\&DOGZHOO'\VRQ0LNH)LQFNH.HYLQ)RUG0LNH)RVVXP0LNH+RSNLQV6FRWW
.HOO\0LNH/RSH]$OHJULD%LOO0F$UWKXU7RP0DUVKEXUQ.DUHQ1\EHUJ'RQ3HWWLW6KDQQRQ:DONHU3HJJ\
:KLWVRQ-HII:LOOLDPVDQG6XQLWD:LOOLDPVVHHQDERYHRSHUDWLQJ&)(

6(/(&7,21" 7KXV IDURI WKHSURSRVDOV UHFHLYHGKDYHEHHQVHOHFWHGIRUIDEULFDWLRQDQGWHVWLQJ
EHFDXVHRIWKHOLPLWHGQXPEHURIHQWULHVUHFHLYHGIRUWKLVQHZSURJUDP:KLOHWKDWPLJKWQRWFRQWLQXHLQ
WKHSODQ LV WRVHOHFWXS WRHQWULHV IURPDFURVVWKHQDWLRQ6HOHFWLRQRIDWOHDVWRQHTXDOLI\LQJHQWU\
IURPHDFKVWDWHDQG WHUULWRU\ OLVWHGXQGHU:+2" LVJXDUDQWHHG 2QO\HLJKWVWDWHVKDYHKDGSDUWLFLSDQWVWR
GDWHVRWKHRGGVRIVHOHFWLRQDUHYHU\KLJK6HHWKHKDQGERRN IRUPRUHLQIRUPDWLRQDERXWVHOHFWLRQ

48(67,216"6HHKWWSVSDFHIOLJKWV\VWHPVJUFQDVDJRY&(/(5(RUHPDLOFHOHUH#OLVWVQDVDJRY
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WHAT?
WHO?
WHEN?
◆ Joint program of NASA and Portland State University (PSU) enabling youth to participate in microgravity research on 
     capillary action like that conducted on the International Space Station (ISS) as shown in the photo above
◆ Youth design their own experiments using Computer-Aided Design (CAD) and submit the drawings to NASA
◆ Test cells are fabricated using the submitted drawings and a computer-controlled laser cutter
◆ Experiments are conducted in microgravity via PSU’s 2.1-second Dryden Drop Tower
◆ Results are provided online for student analysis and reporting, for example, as an extra  credit or science fair project
◆ Teams or individuals in grades 8 to 12 (where teams can include some younger members)
◆ U.S. only, but including all 50 states, the District of Columbia, Puerto Rico, American Samoa, 
     Guam, the Northern Mariana Islands, the U.S. Virgin Islands, and all DODEA schools (for the 
     children of U.S. military personnel)
Microgravity Man
      challenges YOU
            to design your own experiment!
Example experiments depicted at approximately halfway through the 2.1-second drop.
◆ Entries are due by February 1, March 1, or April 1—but the 
     odds of selection diminish from month to month
◆ Experiments are typically conducted within a month of the 
     selected deadline
WHERE?
◆ Participation is remote 
◆ Participants can interact with NASA by e-mail, 
     teleconferencing, or video conferencing
WHY?
◆ To learn about CAD and space station science
◆ To inspire STEM careers, where STEM is Science, Technology, 
     Engineering, and Mathematics
◆ To enhance college applications
SELECTION?
LEARN MORE
◆ 100% of the entries received thus far have been fabricated 
     and tested
◆ Guaranteed selection of at least one qualifying entry from 
     each state, etc. listed in ‘WHO?’
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ISS Research Design Challenge: CELERE 
Capillary Effects on Liquids Exploratory Research Experiments 
http://spaceflightsystems.grc.nasa.gov/CELERE/ 
 
2016 Handbook  
By Andrew Wollman (Portland State University, Portland, Oregon) 
and Dennis Stocker (NASA Glenn Research Center, Cleveland, Ohio) 
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The tutorial is a separate file and can be downloaded from http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/. 
 
Design Challenge Overview 
The ISS Research Design Challenge: CELERE is a joint educational program of NASA and Portland State 
University (PSU) enabling students to participate in microgravity research on capillary action related to 
that conducted on the International Space Station (ISS).  The students create their own experiments using 
Computer-Aided Design (CAD) with a provided template and DraftSight software, which can be 
downloaded for free from https://www.3ds.com/products-services/draftsight-cad-software/free-
download/.  Experiment proposals, which consist primarily of a single CAD drawing, are submitted to 
NASA.  The test cells are then manufactured by PSU using the drawings and a computer-controlled laser 
cutter.  Each experiment is conducted in PSU’s Dryden Drop Tower (www.ddt.pdx.edu), where it will fall 
22 meters (73 feet) and experience 2.1 seconds of apparent near weightlessness, i.e., microgravity.  
Video and still images from each drop are provided online for student analysis and the reporting of 
results, for example in a science fair or class presentation.  The example image shows a 2013 experiment 
(from Columbus, GA) during the middle of the drop, where the scalloped channel wall has slowed the 
upward motion of the oil (relative to the oil’s motion in the straight-walled channel). 
 
Capillary action happens when the molecules of a liquid (like water) are more attracted to a surface than to each other. In 
paper towels, the molecules move along tiny fibers. In plants (like celery), they move upward through narrow tubes called 
capillaries.  For more basic information about capillary action, see  
http://water.usgs.gov/edu/capillaryaction.html 
http://hyperphysics.phy-astr.gsu.edu/hbase/surten2.html#c4 
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Capillary action occurs on Earth, but can be difficult to observe because of gravity, except in small capillaries.  But while 
experiments fall in a drop tower, where there seems to be almost no gravity, capillary effects are easy to see and study.  
In PSU’s Dryden Drop Tower, your experiment will be dropped down a tall shaft and while it is falling, 
it will behave as if there is nearly no gravity – of course neglecting the fall!  Gravity will still be 
present, but our sensation of gravity and weight comes from a resistance to its pull, for example 
because of the floor holding us up.  But while freely falling, we feel weightless and that is the basis 
for many amusement park rides.  This works because of the surprising situation where all objects 
fall at the same acceleration unless acted upon by another force.  As one result, the astronauts and 
the International Space Station fall together (around the Earth) such that the astronauts float within 
the space station.  This happens even though the space station is so close to the Earth that gravity 
there (in a low-Earth orbit) is only about 10% less than that on the planet’s surface.  While this is 
space science, the concept of apparent near weightlessness through free fall, i.e., microgravity, was 
put to practical use in the late 1700s when shot towers were first built to produce superior shot for 
hunting.  In those towers, droplets of liquid lead became spherical because of the surface tension 
resulting from the liquid’s attraction to itself.  You can learn more about microgravity at: 
 http://www.nasa.gov/centers/glenn/shuttlestation/station/microgex.html 
 http://www.nasa.gov/audience/foreducators/microgravity/home/index.html 
 
CELERE enables students to participate in research related to space station science and learn about computer technology 
(e.g., CAD), both of which can inspire the pursuit of STEM careers - where STEM stands for Science, Technology, 
Engineering, and Mathematics.  Boy Scouts could use the CAD drawing toward completion of the Drafting merit badge.  
And selection in a nation-wide NASA design challenge is an accomplishment worth noting on college applications! 
 
PSU’s Prof. Mark Weislogel (http://www.pdx.edu/profile/meet-professor-mark-weislogel) is a world leader in the study 
of capillary action and with NASA support has had such experiments conducted in drop towers, on the space shuttle, on 
the Russian Mir space station, and the International Space Station (ISS) where the latter includes: 
 Capillary Channel Flow (CCF) http://issresearchproject.grc.nasa.gov/MSG/CCF/ 
 Capillary Flow Experiment (CFE) http://issresearchproject.grc.nasa.gov/MWA/CFE/ 
Many astronauts have participated in this research, including for example the following for CFE: Joe Acaba, Clay Anderson, 
Dan Burbank, Chris Cassidy, Cady Coleman, Tracy Caldwell Dyson, Mike Fincke, Kevin Ford, Mike Fossum, Mike Hopkins, 
Scott Kelly, Mike Lopez-Alegria, Bill McArthur, Tom Marshburn, Karen Nyberg, Don Pettit, Shannon Walker, Peggy 
Whitson, Jeff Williams, and Sunita Williams (shown below operating CFE). 
 
 
 
Now you can design your own microgravity experiment and investigate capillary action just like the astronauts and Prof. 
Weislogel.  Begin by visiting the CELERE web site at http://spaceflightsystems.grc.nasa.gov/CELERE/ and reading this 
guide!  
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Capillary Flow 
NASA is very interested in capillary action because of its importance in liquid systems on spacecraft.  On Earth, liquids 
naturally flow downward because of gravity and equipment is designed and built to take advantage of that natural 
process.  For example, cars draw gasoline from the bottom of the fuel tank.  But in microgravity, liquids naturally flow 
because of capillary action making it important for propellant, water processing, thermal control systems – as well as in 
some materials processing. 
 
Eligibility 
The design challenge is for youth in grades 8-12, who may participate as individuals or in teams of any size.  Teams may 
also include younger students as long as there is at least one team member in grades 8-12, where this option can facilitate 
the participation of informal science clubs, Scouts, etc.  Youth are free to get help from adults, for example in creating 
their CAD drawing.  But this program is for youth. 
 
The program is limited to youth from the United States, but citizenship is not required.  More specifically, CELERE is open 
to all fifty states, the District of Columbia, Puerto Rico, American Samoa, Guam, the Northern Mariana Islands, the U.S. 
Virgin Islands, and all DODEA schools, i.e., schools of the U.S. Department of Defense Education Activity for the children 
of U.S. military personnel. 
 
The maximum number of 2016 experiments that may be submitted by a single school or organization is 15 total, i.e., for 
all three submission deadlines: Feb. 1, March 1, and April 1. 
 
Selection 
The design challenge is relatively new and thus far 100% of the entries received have been selected for fabrication and 
testing in microgravity.   There is no guarantee that will continue in 2016, but the odds of selection are still quite high.  The 
2016 goal is to select and test 100 experiments from across the nation with approximately 30 entries each for Feb., March, 
and April testing.  In contrast, only 46 entries were received for 2014 and 2015 combined.  So, the 2016 goal is selection 
of more than twice as many experiments as the last two years combined! 
 
Furthermore, selection of at least one qualifying 2016 entry is now guaranteed for each state, etc. listed under ‘Eligibility.’  
This guarantee includes selection of at least one qualifying 2016 entry from a DODEA school.  Selection is also guaranteed 
for at least one qualifying 2016 entry from a Bureau of Indian Education (BIE) school.  In the past, there have only been 
participants from 8 states, so your entry could easily be the first from your locale.  Please note that the timing does matter 
for the selections, which occur in February, March, or April.  If you submit your entry in April, an entry from your state (for 
example) may have already been selected in February or March.  A previous selection from the same state doesn’t prevent 
selection of your experiment, but the guarantee would have been used and would no longer apply.  For selection, it is 
therefore best to submit for February testing and worst to submit for April testing.  But it must again be emphasized that 
100% of the entries received have thus far been selected, although we have sometimes requested modifications. 
 
Key Changes from 2015 
 Eligibility has been expanded to include all DODEA schools for the children of U.S. military personnel (i.e., 
schools of the U.S. Department of Defense Education Activity). 
 Selection is now guaranteed for at least one qualifying 2016 entry from each state, etc.; see ‘Selection’ (above). 
 The drawing template has been updated.  Please use the 2016 drawing template which can be downloaded from 
http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/. 
 The use of ‘islands’ in tests cells are now prohibited as discussed on page 12. 
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How to Participate 
 Preparation and Submission 
o Explore the CELERE website at http://spaceflightsystems.grc.nasa.gov/CELERE/. 
o If you are a Facebook user, ‘like’ the CELERE page at www.facebook.com/NASA.celere. 
o Read this handbook. 
o Learn about capillary action, e.g., through: 
 http://ga.water.usgs.gov/edu/capillaryaction.html 
 http://hyperphysics.phy-astr.gsu.edu/hbase/surten2.html#c4 
o Review past experiments through http://spaceflightsystems.grc.nasa.gov/CELERE/Videos/ and the 
appendix of this handbook. 
o Download the CELERE tutorial from http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/. 
o Download the 2016 drawing template from http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/.  The 
test cell has been redesigned and use of past templates is unacceptable. 
o From https://www.3ds.com/products-services/draftsight-cad-software/free-download/, download the 
Draftsight CAD software and go through the CELERE tutorial.  You may use other CAD software that works 
with ‘dwg’ files, but the tutorial is based on the free Draftsight software. 
o Review the design requirements and common mistakes. 
o Develop your research question. 
o Design your test cell so that (1) the results will answer your research question and (2) it is different from 
the past CELERE experiments shown in the appendix. 
o Download the entry form from http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/ and fill it out. 
o Verify that all design requirements are fully met or risk rejection! 
o E-mail the drawing file and entry form to celere@lists.nasa.gov (where this step might be done by your 
teacher/advisor) by Feb. 1, March 1, or April 1; choose one. 
 Testing and Analysis 
o If requested, revise your test cell drawing.  Revisions are sometimes requested when entries are 
tentatively selected even though design requirements are not met. 
o Selected experiments are normally conducted during the month of their submission deadline. 
o When notified, download the results from http://celere.mme.pdx.edu/.  Note that the video files are not 
standard, but can be viewed using VLC Media Player, which can be freely downloaded from 
http://www.videolan.org/vlc/index.html. 
o Analyze the results by comparing the capillary motion in your test cell’s channels.  You can determine the 
position of the oil in each channel as a function of time (e.g., knowing that high-speed video includes 60 
frames per second).  The position can be determined in pixels, e.g., using Microsoft Paint, which shows 
the position of the crosshairs in pixels, and then converted later into millimeters. 
o From the position data, average speeds can easily be determined. 
o Prepare a short final report about what you learned, and e-mail the report to celere@lists.nasa.gov 
(where the submission might be done by your teacher/advisor).  The report should include discussion of 
what was good about the CELERE Design Challenge and what needs improvement. 
 
 
Note that product references do not indicate an endorsement on the part of NASA or the federal government. 
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Experiment Hardware, Testing, and Analysis 
Instructions & comments Screen shots, images, and diagrams 
Computer-Aided Design (CAD) image of a 
sample test cell showing the three layers 
separated in an “exploded” view.  CELERE 
participants design the black middle 
layer which will be sandwiched between 
the clear front and black plates.  Those 
two standard plates have air vents at 
their top. 
 
VERY IMPORTANT!  The channels cut in 
the middle layer must extend from the 
base to the air vents to enable the 
capillary action.  The liquid won’t rise if 
(1) the liquid can’t enter the channels or 
(2) the air above the liquid can’t escape. 
 
 
 
  
CAD image of the example test cell 
assembled, with the three layers 
together. 
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You will use the free CAD software 
package, DraftSight, and a provided 
template to design and draw the middle 
layer of your test cell. Your submitted 
drawing will be used to fabricate the 
middle layer.   In this image, the black is 
the template for the middle layer, the 
green shows the air vents in the front and 
back layers, and the red shows the 
channels in which the liquid will rise. 
 
Draftsight 2015 can be freely 
downloaded for Windows, Mac, etc. 
from: 
https://www.3ds.com/products-
services/draftsight-cad-software/free-download/ 
but it is not compatible with Windows 
98.  Earlier Windows versions of the 
software can be downloaded (for 
example) from: 
http://download.cnet.com/DraftSight/3000-
18496_4-75445046.html 
 
Please make sure to use the 2016 
drawing template which is available for 
download from: 
http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/ 
  
 
 
Portland State University (PSU) will cut 
your team’s middle layer, with its unique 
channels, out of black acrylic using a 
computer-controlled laser cutter and 
your CAD drawing.  
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PSU will assemble your test cell and 
mount it in a container so that its base is 
within a reservoir of a low-viscosity 
silicon oil.  This oil is attracted to the 
acrylic and will respond quickly during 
the short duration of the drop. 
 
With this approach, the fluid is not an 
acceptable variable in your CELERE 
experiment.  Instead, you will be 
studying the differences in the capillary 
motion in each of your test cell’s 
channels.  In the example test cell shown, 
the effect of curved and sharp corners 
are compared, i.e., in the two zigzag 
channels.  
 
The test cell and reservoir will be placed 
on an experiment rig between a video 
camera and a light source, such that the 
test cell will be back lit.  
 
The experiment rig will be placed inside a 
drag shield at the top of PSU’s Dryden 
Drop Tower.  When everything is ready, 
the drag shield and the experiment rig 
will be dropped and fall for 2.1 seconds 
during which time it will experience 
apparent near weightlessness (i.e., 
microgravity). During the drop, the 
camera will image the capillary rise of the 
liquid inside the channels. 
 
Sample images every 0.3 second. 
 
 
Camera 
Test cell in 
Reservoir 
Light 
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One option for analyzing your results is 
through NASA’s Spotlight software, 
which can be freely downloaded at: 
http://microgravity.grc.nasa.gov/spotlight/ 
In this example, Spotlight-16 is being 
used to track the location of the menisci, 
i.e., liquid-air interface, from frame to 
frame as it rises within the channels.  In 
this image, up is the left and down is to 
the right.  Furthermore, it is the lowest 
(farthest right) point on the meniscus 
surface that is being tracked.  Note that 
Spotlight is not currently supported and 
Spotlight-8 is not compatible with 
current versions of Microsoft Windows.  
 
Tracker is another free software package 
for video analysis; it can be downloaded 
from: 
https://www.cabrillo.edu/~dbrown/tracker/ 
 
But you can also make position 
measurements with simple software, like 
Microsoft Paint, which continually 
reveals the position of its crosshairs (e.g., 
in the bottom left of the window).  Simply 
load an image, move the crosshairs to 
each desired position and write down 
their values (i.e., by hand).  Repeat to 
track the positions as a function of time.  
 
You can even make measurements 
manually by taping a transparent overlay 
to your computer monitor and marking 
the positions using a permanent marker.  
You can make measurements for 
multiple images (i.e., times) using the 
same transparency by marking each 
position with the image number. 
 
This task can be simplified by only making 
measurements at every tenth frame (for 
example), where that equates to every 
one sixth of a second. 
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Spotlight can output a data file, which in 
this example includes the position of the 
meniscus for each sequential frame.  
With CELERE’s high-speed video, there 
are 60 frames per second. 
 
Spotlight data files can be imported into 
Microsoft Excel or similar software for 
data analysis and plotting.  
 
If you measure the capillary motion, you 
will need to correctly scale your 
measurements, e.g., converting pixels to 
millimeters.  The three test cell plates are 
76 mm across at their base, so you can 
measure that distance (e.g., in pixels) to 
determine the scaling factor.  
 
 
 
 
Measurement to be made to calculate a 
scaling factor, as shown by the double-
ended red arrow. The distance is 76 mm 
across as shown in the preceding figure.  
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In this example plot, the fluid rise within 
the channels can be seen.  The blue and 
red reveal the rise in the rounded (left) 
and sharp (right) channels, respectively 
(as seen in the images on the previous 
pages).   
 
The results show that the fluid generally 
slowed down at each corner, but more so 
in the sharp cornered channel. Therefore 
the fluid travels farther in the round 
cornered channel. 
 
Detailed analysis such as this is not 
required for CELERE, but all participants 
are required to briefly report on their 
findings. 
 
 
 
 
 
Design Requirements 
These requirements are VERY IMPORTANT because they will be used in selecting experiments for fabrication and testing.  
You risk rejection if you do not closely follow these requirements! 
 
Experiment requirements 
□  The experiment must have a research question that is specific to the test cell’s channels, 
□  the research question must address the effect of the channel shape and/or size on the capillary flow, 
□  the experiment must include only one test cell (and thus only one drawing), 
□  the test cell must have at least 2 channels,  
□  the channels should ideally differ in a single way,  
□  the variation between the channels must address the research question,  
□  the experiment must differ from the past CELERE experiments depicted in this handbook’s appendix,  
□  the drawing and entry files must be named as: 
 CELERE_2016_<StateInitials>_<OrgAbbrev>_<AdvisorLastName>_<ParticipantAbbrev> 
     where the drawing is a dwg file and the entry file is in a pdf or doc format. 
 
Drawing requirements 
□  Cut lines must be continuous (i.e., without gaps), 
□  cut lines must not cross themselves or each other,  
□  cut lines must not pass into the border zone, marked with the diagonal pattern, 
□  channel cuts must begin at the test cell base, pass into the green-outlined vent zone, and return to the test cell base,  
□  channels must be at least 3 mm apart,  
□  nothing (including text) can be outside of the boundaries of the test cell, and 
□  ‘islands’ (i.e., loose cut pieces used in the test cell) are not allowed – where this is a new requirement. 
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Discussion  
For the CELERE Design Challenge, the research question must be about the effect of the channel’s shape and/or size on 
the capillary flow.  The liquid will not be accepted as a parameter because a low-viscosity and thus fast-acting oil will be 
used for all CELERE experiments.  A research question is required for each CELERE submission, but hypotheses are optional 
and will not be used as the basis for selection.  Research questions are expected to be specific to the experiment.  Generic 
questions such as “in which channel will the oil rise most quickly?” are inappropriate.  An example of a good research 
question is “in zigzag channels, will the oil rise more quickly when the corners are curved or sharp?” 
 
CELERE experiments must have two or more channels because they are conducted with a single test cell.  Therefore, two 
or more channels are required to allow comparison of the resulting behavior.  The other key is that the channels should 
ideally differ from each other in only one way so that the cause of any differences in the capillary action will be obvious.  
If the channels differ in two or more ways, then it won’t be clear which factor caused the resulting differences in the 
capillary flow. 
 
Of course, the research question must be answered by successful conduct of the experiment, i.e., with the variation 
between the channels.  For example, if the research question is “in zigzag channels, will the oil rise more quickly when the 
corners are curved or sharp?”, then the experiment must have zigzag channel with both curved and sharp corners. 
 
Some examples of past experiments which meet the experiment requirements are shown below.  The experiment shown 
on the left is arguably the simplest example, where it clearly examines the effect of the channel width on the capillary 
action.  In the center experiment, the effect of the curvature on the capillary action is explored through a comparison 
between the oil’s motion in curved and straight channels.  Meanwhile, the experiment shown on the right explores the 
effect of elliptical cavities on the capillary motion. 


In the previous examples, the comparison is consistently made against a straight vertical channel.  While acceptable and 
appropriate for many experiments, that shape is not required for a good CELERE experiment.  For example, the experiment 
shown below (on the left) has channels which narrow with height.  But the experiment can still clearly reveal the effect of 
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the triangular cavities on the capillary phenomena.  Meanwhile, the effect of the cavity shape can be clearly explored in 
the other two experiments shown below. 


 
The two test cells shown to the right are 
examples of the use of ‘islands,’ i.e., 
where there are loose pieces cut from 
the middle layer that are used in the test 
cell.  While this is an interesting area of 
study, much more work is required to 
prepare test cells when such features are 
included.  Therefore, test cells with 
‘islands’ are now prohibited, where this 
is a new rule. 
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Your Computer-Aided Design (CAD) drawing must be submitted so that it ready for use in fabricating the test cell with the 
computer-controlled laser cutter.  Errors in the drawing may lead to rejection. 
 
To ensure that the drawing is correctly prepared, it is helpful to imagine the laser cutter in operation.  To cut a channel, 
the laser cutter must move upward from the bottom edge of the test cell, extend into the air gap location (marked in 
green), and then return back to the base of the test cell.  To be clear, the channel cut must cross the green outline and not 
simply reach it.  And the cuts must be continuous; i.e., there can be no gaps in the cut lines. 
 
 
It is critical that the channels are vented by the air gaps at the top of the test cell.  Otherwise, the trapped air will prevent 
the oil from rising in the channels during the experiment, although the shape of the meniscus will still change during the 
drop.   Also note that the green line only shows the location of the air gaps which are in the front and back layers and not 
in the center layer which you are designing.  As such, the green line is effectively virtual and cannot be part of the cut.  The 
only automatic cuts in the middle layer are the outline, shown on the right above. 
 
Although the channel cuts must cross into the air gap zone (outlined in green), they must not cross into the border zone, 
marked with the diagonal pattern.  The inner edge of the border is also virtual and cannot be part of the cut. 
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Channels must be at least 3 mm apart as very close spacing could allow the plastic to curl or break in handling.  And of 
course, the cut lines must not cross each other or themselves. 
 
There must be absolutely nothing outside the boundaries of the test cell when you have completed your drawing, including 
descriptive text, lines, etc. 
 
Drawing and entry files must be named with the format: 
CELERE_2016_<StateInitials>_<OrgAbbrev>_<AdvisorLastName>_<ParticipantAbbrev> 
where the drawing files must be in the dwg format.  The entry files should be pdf or doc files.  As you might expect, your 
entry may not be selected if the files are unreadable. 
 
As an additional note, please weld the line segments together that you can. 
 
Common Mistakes 
 Channels that don’t extend into the green vent space 
 Channels that have left and right sides which aren’t connected at the top 
 Channels which extend from the border zone instead of the test cell base 
 Channels which differ in more than way where the effects of the differences cannot be independently assessed, 
 Drawings which have lines or text outside of the test cell borders  
 Files which are improperly named 
The first three mistakes are illustrated in the figures below, where the left side of each figure shows the mistake and the 
right side shows a corrected version.  All of these mistakes are violations of the design requirements and are grounds for 
rejection. 
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Design Challenge Suggestions 
The CELERE Design Challenge is intended for open-ended, curiosity-driven research.  There is no set CELERE challenge 
other than to design and submit an entry which follows the design requirements.  However, participants are free to choose 
their own design challenge.  Some suggestions include: 
 Make the oil rise as quickly as possible in a channel, for example, by variation of the inlet section.  Thus far, there 
has been very few CELERE investigations of inlet effects. 
 Make the flow as bubbly as possible, i.e., where the bubbles are mixed with the oil and not just stuck in cavities. 
 Make a ‘fountain,’ where the oil doesn’t touch the left or right walls of the channel, rise as far as possible.  To be 
clear, the oil rises because of its contact with the front and back layers, so it really isn’t unconfined.  There are a 
few past examples of this type can be seen in the appendix. 
 Advance what can be learned from past CELERE experiments by taking ‘a next step.’  For example, choose a past 
experiment that you find to be interesting and design a related experiment that can bring new understanding. 
 Try something completely new! 
 
Design Hints 
 
FOCuS: Focus On Criteria for Selection 
The most important hint should hopefully be obvious to all participants, but is nonetheless worth mentioning because of 
its critical importance.  If you would like your experiment to be selected, make sure to fulfill all of the design requirements, 
i.e., selection criteria.  In the words of Gold Leader in the attack on the Death Star portrayed in Star Wars IV: A New Hope, 
“Stay on target.” 
 
MOOD: Mainly Only One Difference 
It is very important that the channels in your experiments vary in only one way!  If you have two channels which differ in 
multiple ways, it will be very difficult to clearly determine how each difference affected the capillary motion.  However 
with proper design, the effects of two differences (for example) can be independently assessed with three or more 
channels. 
 
PEP: Past Effects the Present 
The capillary motion in the upper part of a channel (i.e., the present) is affected by the channels’ lower portion (i.e., the 
past).  While features in a channel can change with height, the effect of the variation cannot be independently assessed 
with a single channel.  For example, if you want to study the differing effects of square and circular cavities on the capillary 
motion, then they should be in separate channels.  If they are both in the same channel, then the lower cavity will affect 
how the oil flows into the upper cavity.  The dependence of the oil’s flow on lower features should also be considered 
when designing comparison, e.g., control, channels, because it is often more important to match the bottoms of the 
channels rather than their tops. 
 
ABS: Action effected by Both Sides 
The capillary action is affected by both sides of each channel (as well as the front and back layers, but they are standard).  
While the left and right sides of a channel can be different, the effect of each side on the oil’s motion cannot be 
independently assessed with a single channel.  If you want to study the effect of two different channel sides, then they 
should be alone in two separate channels - but could be combined in a third channel. 
 
KISS: Keep It Simple, Smarty! 
The last three hints can be summarized by this simple but important phrase. 
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Questions 
As a start, please review the CELERE information available on the web at: 
 http://spaceflightsystems.grc.nasa.gov/CELERE/ 
 www.facebook.com/NASA.celere 
For more information, please e-mail celere@lists.nasa.gov. 
 
 
Appendix: Past CELERE Experiments 
Past CELERE participants have been from across the United States, including states on both coasts.  Thus far, most 
submissions have come from Ohio because of the word-of-mouth promotion by the CELERE staff who work at the NASA 
Glenn Research Center in Cleveland, Ohio.  
 
State  City  Organization 
California Ramon  California High School 
Georgia  Columbus  Columbus High School 
Illinois  Aurora  Illinois Mathematics and Science Academy 
Montana Livingston Park High School 
New York Ava  Neighborhood After School Science Association (N.A.S.S.A.) 
Ohio  Cleveland Villa Angela - St. Joseph High School 
Ohio  Columbus Bishop Watterson High School  
Ohio  Dalton  Dalton Intermediate School 
Ohio  Lakewood St. Edward High School 
Ohio  Niles  Niles Middle School 
Ohio  Toledo  St. John's Jesuit High School and Academy 
Ohio  Toledo  St. Ursula Academy 
Oregon  Lake Oswego  Lake Oswego Junior High School 
 Pennsylvania Holland  Council Rock High School South 
 
Selected experiments are depicted and briefly described on the following pages.  The experiments are shown at 
approximately halfway through the drop test (i.e., approximately 1 second after the release), where up is to the left and 
down is to the right.  The position of the oil can be seen by the curved meniscus (i.e., liquid-gas interface) which is visible 
in each channel.  The experiments are nominally organized by the general nature of their study, i.e., where they 
investigated the following effects on the capillary motion. 
1. Channel width 
2. Channel path 
3. Channel entry 
4. Uniform expansion and contraction 
5. Abrupt expansion and contraction 
6. Cavities and protrusions 
7. Channel roughness 
8. Branching 
9. Combined effects 
 
Most of the experiments that are not included in this review are from 2013 when the design challenge was pilot tested on 
an invitational basis.  During that phase, there wasn’t a requirement for two or more channels and some experiments 
were submitted with a single channel.  Those test cell designs don’t meet the current CELERE requirements and were 
excluded from this guide for brevity.  Likewise, experiments featuring ‘islands’ are also excluded from this review. 
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The results of some past experiments can be viewed on the Videos page of the program’s website, 
http://spaceflightsystems.grc.nasa.gov/CELERE/.   But all of the data from past experiments are available at 
http://celere.mme.pdx.edu/.  Note that the video files are not standard, but can be viewed (for example) using VLC Media 
Player, which can be freely downloaded from http://www.videolan.org/vlc/index.html. 
 
 
1. Effects of the Channel Width 
The three following experiments examined the effects of the channel width on the capillary action in vertical straight-
walled channels.  Students are discouraged from submitting additional experiments of this type, because the effect of 
the channel width can be assessed from the results of these past experiments!  Note that up is to the left in these images, 
and down is to the right (i.e., where the cameras was on its side). 
 
This 2013 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary action in channels with five different 
widths, where the width was the only difference between the 
channels. 
 
 
 
 
 
 
 
This 2013 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary action in channels with three different 
widths.  
 
 
 
 
 
 
 
 
This 2013 experiment from Park High School (Livingston, MT) 
compared the capillary action in channels with five different 
widths.  The fluid motion was assessed in part by having an 
identical volume in each of the channels - up to the abrupt 
contraction to the narrow bent portion.  
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2. Effects of the Channel Path 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) investigated the effect of a single orthogonal offset in the 
vertical channel. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
studied the effect of a single orthogonal back-and-forth shift in 
the otherwise vertical channel. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
examined the effect of a back-and-forth orthogonal path (with 
rounded outer corners) on the capillary action. 
 
 
 
 
 
 
 
 
This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
investigated the effect of turn angle on the capillary motion of 
the oil. 
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This 2015 experiment from Columbus High School (Columbus, 
GA) studied the effects of truncated turns on the capillary flow 
in a zig-zagging channel. 
 
 
 
 
 
 
 
 
This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
examined the effect of rounded and sharp corners on the 
capillary flow through a diagonally shifting path.  
 
 
 
 
 
 
 
 
This 2013 experiment from Columbus High School (Columbus, 
GA) studied the effect of channel curvature on the capillary 
motion. 
 
 
 
 
 
 
 
 
This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
investigated the effect of a simple curved path on the capillary 
action. 
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This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
studied the effect of a curving path with two turns on the 
capillary action. 
 
 
 
 
 
 
 
 
This 2015 experiment from the Illinois Mathematics and 
Science Academy (Aurora, Illinois) investigated the effect of a 
curving path’s wavelength on the capillary action. 
 
 
 
 
 
 
 
 
This 2015 experiment from St. Ursula Academy (Toldeo, OH) is 
similar to the previous experiment, where it again examined 
the effect of a curving path’s wavelength on the capillary 
action.  However, these channels turn a full 180 degrees while 
the channels in the previous experiment turn at smaller angles 
in a nominally zig-zag pattern. 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
investigated the effect of a (generally regular) curving path on 
the capillary action. 
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This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
studied the effect of an irregular curving path on the capillary 
action. 
 
 
 
 
 
 
 
 
 
 
3. Effects of the Channel Inlet 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary motion in a straight channel with two 
channels with uniformly narrowing entry sections of different 
sizes. 
 
 
 
 
 
 
 
 
 
4. Effects of Uniform Expansion and Contraction 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary motion in two uniformly-widening 
wedge-shaped channels, where one side is vertical and other is 
angled (where the angle was varied between the two 
channels). 
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This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary motion in straight, uniformly 
expanding, and uniformly narrowing channels. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
investigated the size effect on the capillary motion through an 
hourglass-shaped contraction and expansion. 
 
 
 
 
 
 
 
 
Like the preceding experiment, this 2014 experiment from St. 
Ursula Academy (Toldeo, OH) studied the size effect on the 
capillary motion through an hourglass-shaped contraction and 
expansion. 
 
 
 
 
 
 
 
 
 
5. Effects of Abrupt Expansion and Contraction 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
investigated the effect of the width of an abrupt expansion on 
the capillary motion. 
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This 2014 test cell from St. Ursula Academy (Toldeo, OH) 
compares the effect of an abrupt expansion with a uniform 
expansion to a larger channel width. 
 
 
 
 
 
 
 
 
This 2015 experiment from the Illinois Mathematics and 
Science Academy (Aurora, Illinois) investigated the effect of 
both the gap size (via the leftmost channels shown at the 
bottom) and the contraction length (via a comparison of the 
leftmost and rightmost channels) on the oil’s motion. 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
examined the effect of an abrupt (circular) expansion on the 
capillary motion. 
 
 
 
 
 
 
 
 
This 2015 experiment from Columbus High School (Columbus, 
GA) investigates the effect of the abrupt expansion’s shape on 
the oil’s motion. 
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6. Effects of Cavities and Protrusions 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
compared the capillary flow in channels with triangular cavities 
of different sizes. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
examined the effect of a triangular cavity’s vertical orientation 
on the capillary motion. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) investigated the effect of different downward-facing 
triangular cavities on the capillary flow. 
 
 
 
 
 
 
 
 
This 2013 experiment from St. Ursula Academy (Toldeo, OH) 
examined the differences between triangular and semicircular 
cavities on the upward capillary flow. 
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Like the preceding experiment, this 2014 experiment from St. 
Edward High School (Lakewood, OH) investigated the effect of 
triangular and semicircular cavities on the upward capillary 
flow. 
 
 
 
 
 
 
 
This 2013 experiment from St. Ursula Academy (Toldeo, OH) 
also explored the effect of triangular and semicircular cavities, 
but with cavities of increasing size with channel height. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) is 
similar to the previous one, but explored the effect of 
rectangular cavities, where the cavities grew (with channel 
height) in height in the left channel (i.e. on the bottom in the 
image above) and in width in the right channel. 
 
 
 
 
 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) evaluates the effect of size of repeating rectangular 
cavities on the capillary motion. 
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This 2013 experiment from Columbus High School (Columbus, 
GA) examined the effect of a scalloped channel wall on the 
capillary motion. 
 
 
 
 
 
 
 
 
This 2015 experiment from Bishop Watterson High School 
(Columbus, OH) explored the effect of repeating ellipsoidal 
cavities on the capillary motion, where the cavities increase or 
decrease in depth with channel height. 
 
 
 
 
 
 
 
This 2013 experiment from the Niles Middle School (Niles, OH) 
examines the effect of repeated elliptical cavities on one, both, 
or neither sides of the channel. 
 
 
 
 
 
 
 
 
This 2013 experiment from the Niles Middle School (Niles, OH) 
is similar to the previous experiment, but instead investigates 
the effect of the cavity shape, specifically elliptical vs. 
triangular, where the cavities are on one side of the channel. 
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This 2014 test cell from Villa Angela - St. Joseph High School 
(Cleveland, OH) effectively includes two experiments.  The 
three central channels are used to evaluate the effect of the 
circular and rectangular cavities on the capillary motion.  The 
two outermost channels were used to assess the influence of 
the size of triangular cavities on the capillary motion, after a 
bend in the path. 
 
 
 
 
This 2013 experiment from the Niles Middle School (Niles, OH) 
examines the effect of triangular cavities on capillary motion in 
a narrowing channel.  In contrast, most of the CELERE 
experiments investigating cavity effects have thus far used 
channels of a constant width (of course neglecting the cavities 
themselves). 
 
 
 
 
 
 
 
7. Effects of Channel Roughness 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) 
explored the effect of channel roughness on the capillary 
motion. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Ursula Academy (Toldeo, OH) is 
similar to the previous one and again explored the effect of 
channel roughness on the capillary motion, but in this case the 
roughness is on one, both, or neither side of the channel.  
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8. Effects of Branching 
Note that up is to the left in these images, and down is to the right (i.e., where the cameras was on its side). 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) explores the effect of a branching channel, with an 
orthogonal four-way intersection, on the capillary motion.  
 
 
 
 
 
 
 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) is similar to the previous one, but explores the branching 
effect with branches which are angled upward.  
 
 
 
 
 
 
 
 
This 2015 experiment from California High School (Ramon, CA) 
examined the effect of the branching angle, where the 
branches were dead-end paths. 
 
 
 
 
 
 
 
 
This 2014 experiment from St. Edward High School (Lakewood, 
OH) explores the effect of branching into dead-end paths 
(oriented in the reverse direction) on the capillary motion. 
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This 2015 experiment from St. Ursula Academy (Toldeo, OH) 
explored the effect of the channel width on branching flow. 
 
 
 
 
 
 
 
 
 
 
 
9. Combined Effects 
Submissions with combined effects are generally discouraged unless each effect can be assessed independently through 
the use of multiple channels!  Note that up is to the left in these images, and down is to the right (i.e., where the cameras 
was on its side). 
 
This 2013 test cell from St. Ursula Academy (Toldeo, OH) 
includes the effects of both different channel widths and 
different channel paths, i.e., vertical vs. bent, on the capillary 
action. 
 
 
 
 
 
 
 
This 2014 test cell from St. Ursula Academy (Toldeo, OH) 
includes the effects of both abrupt expansion and different 
channel paths, i.e., vertical vs. bent, on the capillary action. 
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Although it is not clear from the image, this 2013 experiment 
from the Niles Middle School (Niles, OH) includes two different 
effects.  The left channel (i.e., bottom in the image) is vertical 
with straight walls, the center channel includes a uniformly 
narrowing channel entry, and the right channel further adds 
the elliptical cavities.  Comparison of the first two channels 
allows assessment of the entrance section, while comparison 
of the second and third channels allows study of the cavities.  
This is an appropriate use of combined effects, where two 
experiments are conducted with one test cell. 
 
This 2015 experiment from Park High School (Livingston, MT) 
includes multiple experiments, where the effect of the channel 
shape can be compared in the leftmost channels (i.e., which are 
on the bottom in this image).  While not immediately obvious, 
the left channel has elliptical walls, while the top of the center 
channel uniformly narrows with height.  Meanwhile, the right 
channel (i.e., on the image’s top) can be compared with the 
leftmost channel to assess the effect of the triangular 
protrusions on the oil’s motion.  Again, this is an appropriate 
use of combined effects. 
 
This 2013 test cell from St. John's Jesuit High School and 
Academy (Toledo, OH) includes multiple experiments, where 
the effect of channel narrowing can be assessed from the two 
leftmost channels (i.e., which are on the bottom in this image), 
whereas the two rightmost channels allow an assessment of 
cavity effects, where cavities of different shapes are included.  
This is also an appropriate use of combined effects. 
 
 
 
210
211
A.4 CELERE 2016 tutorial
CELERE 2016 Tutorial  2015-NOV-03 
 
1 
 
ISS Research Design Challenge: CELERE 
Capillary Effects on Liquids Exploratory Research Experiments 
http://spaceflightsystems.grc.nasa.gov/CELERE/ 
 
2016 Tutorial 
By Andrew Wollman (Portland State University, Portland, Oregon) 
and Dennis Stocker (NASA Glenn Research Center, Cleveland, Ohio) 
 
The CELERE handbook is a separate document and can be downloaded 
from http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/. 
 
Capillary Rise in Zigzagging Channels 
Through this tutorial, you will use Computer-Aided Design (CAD) to draw two zigzagging channels, one with round corners 
and one with sharp corners, as shown in the middle-layer figure below. 
 
As a start: 
1. Download DraftSight 2015 for free from https://www.3ds.com/products-services/draftsight-cad-software/free-
download/ for Mac, Windows, etc.  Earlier Windows versions can be downloaded (for example) from 
http://download.cnet.com/DraftSight/3000-18496_4-75445046.html. 
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2. From http://spaceflightsystems.grc.nasa.gov/CELERE/Apply/, download the CELERE_2016_TESTCELL_TEMPLATE.dwg, 
i.e., the drawing template for the test cell’s middle layer.  Past participants should note that the template has 
been updated.  Don’t use old templates for CELERE 2016! 
 
While this tutorial uses many of the tools available in DraftSight, it is not an exhaustive instructional tool. For more 
guidance on DraftSight, download the user guide at:  
 http://www.3ds.com/fileadmin/PRODUCTS/DRAFT_SIGHT/PDF/GETTING-STARTED-GUIDE.pdf  
Another place for useful information on DraftSight is the program’s Help documentation. Launch DraftSight and press F1 
or navigate to the Help menu from the main menu toolbar at the top of the screen. 
 
The only significant changes in the tutorial from the 2015 version are the directions to (1) use the 2016 test cell template 
and (2) begin your file names with ‘CELERE_2016.’ 
 
It is strongly recommended that you go through all of this tutorial’s steps at least once, 
especially if you are not familiar with DraftSight! 
 
 
Note that product references do not indicate an endorsement on the part of NASA or the federal government. 
 
 
Instructions & comments Screen shots, images, and diagrams 
Launch DraftSight and open the drawing 
template, 
CELERE_2016_TESTCELL_TEMPLATE.dwg. 
 
Past participants should make sure to use the 
2016 template because the test cell design has 
been revised. 
 
 
 
  
A screen similar to that on the right will be 
visible, but the background will be black.  
 
NOTE: The background in this tutorial has 
been changed to white to make it easier to 
read. 
 
Close the Home pane on the left side of screen 
to expose the Properties pane. 
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The template file, which provides the test cell 
outline including these  main features: 
Border (with diagonal pattern): The 
channels that you design must fit within 
the border. 
File name: The file name appears at the 
top of the test channel so PSU can identify 
your middle layer and tell it apart from 
those of other teams.  
Green slot: The green slot is where the air 
will exit out the front and rear layers of the 
assembled test cell.  The channels you 
design must extend into the green slot.  
DO NOT ALTER THE TEST CELL OUTLINE 
BLOCK IN ANY WAY! 
 
The template file includes several unique 
layers, where the most important layer is the 
CUT layer.  Lines drawn on this layer will tell 
the laser cutter to cut through the acrylic.  
 
Make sure your channel design is on the CUT 
layer.  Items not on the cut layer will not be cut 
or printed at all. The other layers should not be 
used and are either DraftSight default layers or 
used by PSU.  
 
DO NOT MODIFY THE LAYERS IN ANY WAY! 
  
There are two tabs at the bottom of the 
template file.  Make sure you are drawing on 
the ‘Model’ tab; ‘Sheet1’ should not be used.  
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RENAME THE DRAWING 
Do not modify the provided CELERE template 
file.   Instead re-save the file with a unique 
name and modify that copy.  The file name of 
your submitted drawing will be used to identify 
your part and help PSU keep track of all the 
experiments.  Especially for that final drawing, 
use the following steps to format and name 
your new file.  
 
In the menu toolbar, navigate to: 
    File  Save As… 
Save the template file as a new file using the 
following convention: 
CELERE_2016_<StateInitials>_<OrgAbbrev>_
<AdvisorLastName>_<ParticipantAbbrev> 
.dwg 
 
An example name: 
CELERE_2016_OR_PSU_WOLLMAN_ABC.dwg 
 
 
 
Field Description 
<StateInitials> 
Use the two-letter mailing abbreviation for 
your state or territory, where they are listed 
below for reference.   If you are from a DODEA 
school outside of the U.S. (including the listed 
territories) then use ‘DOD’ instead. 
<OrgAbbrev> 
An abbreviation for your team’s organization, 
e.g., school, Scout troop, etc.  For example: 
     Franklin Middle School = FMS 
     Helen Keller School for the Blind = HKSB 
     Girl Scout Troop 123 = GST123 
In the case of schools, please use the school 
name for the abbreviation rather than the 
name of a school club.  If you are participating 
as an individual, please use an abbreviation for 
your school even if you aren’t participating in 
CELERE as a school project.  If you are home-
schooled, you can use HOME. 
<AdvisorLastName> 
The last name of the team’s adult advisor, e.g., 
teacher, Scout leader, etc., who serves as the 
team’s principal contact with NASA. 
<ParticipantAbbrev> 
The end of the file name should be an 
abbreviation identifying your team or your 
initials if you are participating as an individual. 
 
 
866WDWH ,QLWLDO 866WDWH ,QLWLDO 866WDWH ,QLWLDO 867HUULWRU\ ,QLWLDO
$ODEDPD $/ /RXLVLDQD /$ 2KLR 2+ $PHULFDQ6DPRD $6
$ODVND $. 0DLQH 0( 2NODKRPD 2. 'LVWULFWRI&ROXPELD '&
$UL]RQD $= 0DU\ODQG 0' 2UHJRQ 25 *XDP *8
$UNDQVDV $5 0DVVDFKXVHWWV 0$ 3HQQV\OYDQLD 3$ 1RUWKHUQ0DULDQD,VODQGV 03
&DOLIRUQLD &$ 0LFKLJDQ 0, 5KRGH,VODQG 5, 3XHUWR5LFR 35
&RORUDGR &2 0LQQHVRWD 01 6RXWK&DUROLQD 6& 869LUJLQ,VODQGV 9,
&RQQHFWLFXW &7 0LVVLVVLSSL 06 6RXWK'DNRWD 6' '2'($6FKRROV '2'
'HODZDUH '( 0LVVRXUL 02 7HQQHVVHH 71  
)ORULGD )/ 0RQWDQD 07 7H[DV 7;  
*HRUJLD *$ 1HEUDVND 1( 8WDK 87  
+DZDLL +, 1HYDGD 19 9HUPRQW 97  
,GDKR ,' 1HZ+DPSVKLUH 1+ 9LUJLQLD 9$  
,OOLQRLV ,/ 1HZ-HUVH\ 1- :DVKLQJWRQ :$  
,QGLDQD ,1 1HZ0H[LFR 10 :HVW9LUJLQLD :9  
,RZD ,$ 1HZ<RUN 1< :LVFRQVLQ :,  
.DQVDV .6 1RUWK&DUROLQD 1& :\RPLQJ :<  
.HQWXFN\ .< 1RUWK'DNRWD 1'    
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Under the top menu, File  Save As… 
 
 
 
 
 
 
 
 
 
 
 
  
Rename the file per the instructions on the 
previous page. 
 
 
 
 
 
 
 
 
 
 
 
  
Select the text field at the top of the test cell 
by clicking on it. 
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Under the top menu, Insert  Rebuild Fields 
 
 
 
 
 
 
 
 
 
 
 
  
Now the text will read as the new file name. 
 
 
 
 
 
 
 
 
 
 
 
  
DRAW A ZIGZAG IN THE CUT LAYER 
Use the layers pull-down menu (in the upper 
left) to select the CUT layer. 
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Click on the POLYLINE icon  (on the left 
menu) to enter the POLYLINE command. 
 
A ‘polyline’ is a group of connected straight 
and arced lines.  For this example, we will use 
a ‘polyline’ to outline the borders of the 
capillary channels of the test cell. 
 
 
 
 
 
  
If you are going to free sketch the channel, do 
so within the borders of the test cell margins. 
Since this example problem uses predefined 
geometry we’ll work off to the right of the test 
cell.  
 
Off to the right of the Test Cell outline, select 
the first point of the POLYLINE. 
 
Left click to specify the start point. 
 
 
  
You can identify the location of a line end point 
by typing in relative coordinates. To draw a 
line 30 mm long at a 90 degree angle off of 
horizontal (vertical) … 
 
Type: @30<90 <space> 
 
The <space> executes the command. 
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To draw a line that is 30 mm long at 45 
degrees off horizontal … 
 
Type: @30<45 <space> 
 
 
 
 
 
 
 
 
  
Type: @30<135 <space> 
 
The polyline is done. 
Press esc to exit the POLYLINE command. 
 
Save the drawing using Ctrl+S or the Save icon:
 
 
 
 
 
 
  
DUPLICATE THE ZIGZAG TO MAKE A ZIGZAGGING LINE 
Click on the LINE icon  (on the left menu) 
to enter the LINE command. 
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Trace the bent section of the polyline as a 
guide.  
 
Left click on the end point shown to specify 
the starting point of the zigzag. 
 
 
 
 
 
 
 
  
Left click on the end point shown to specify 
the middle point of the zigzag. 
 
 
 
 
 
 
 
 
 
 
  
Left click on the end point shown to specify 
last point of the zigzag. 
  
The line is finished. 
Press esc to exit line command. 
 
 
 
 
 
 
 
  
220
CELERE 2016 Tutorial  2015-NOV-03 
 
10 
 
Select the two lines you just drew using the 
encompassing selection option. Left click 
somewhere up and left from the lines and 
move your mouse down and to the right.  
 
The selection box is blue. All objects that are 
fully encompassed in the box will be selected. 
 
Left click when only the bend of the poly line 
is inside the box as shown. 
 
 
  
Notice that only the lines are selected. The 
polyline was not.  
 
 
 
 
 
 
 
 
 
 
  
To move the selected lines, enter the MOVE 
command by doing the following. 
 
Type: m <space> 
 
Left click on the end point shown (the bottom 
of the zigzag) to specify the ‘from’ point. 
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Move the cursor up to the end point shown 
(the top of the zigzag) and left click to specify 
the destination.  
 
The MOVE is finished.  
 
 
 
 
 
 
 
  
Select top two lines using the intersection 
selection tool.  
 
Left click to the lower right of the second 
zigzag and move the cursor up and to the left. 
The green dashed selection box will select any 
object it intersects.   
 
 
 
 
 
  
Once the top two lines are selected, we want 
to copy them using the COPY command. 
 
To enter the COPY command … 
Type: co <space> 
 
 
 
 
 
 
 
  
222
CELERE 2016 Tutorial  2015-NOV-03 
 
12 
 
Left click on the lower end point (of the second 
zigzag) as shown to specify the ‘from’ point.  
 
 
 
 
 
 
 
 
 
 
  
Move the cursor and left click on the top end 
point (of the second zigzag) as shown to 
specify the destination.  
 
 
 
 
 
 
 
 
 
  
The COPY command does not end 
automatically. 
 
Left click on the new top end point as shown 
to specify the start point of another zigzag.  
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We are done with the COPY command.  
Press escape.  
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
  
Left click on the top line to select it. Press the 
delete key to delete it.  
 
 
 
 
 
 
 
 
 
 
  
The deletion is done.  
 
Your channel should look like the one to the 
right.  
 
 
 
 
 
 
 
 
 
 ` 
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WELD THE ZIGZAGGING LINE SEGMENTS TOGETHER 
To weld the lines and the polyline together …  
Under the top menu, Modify  click on the 
weld icon  to enter the WELD command.  
 
 
 
 
 
 
 
 
 
  
Left click the polyline on the bottom to select 
the bottom of the zigzagging line.  
 
 
 
 
 
 
 
 
 
 
  
Select the other lines to add to the polyline.  
 
To the right the intersection selection method 
is used.  
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The selected lines turn to a dashed line.  
Press <space> to finish executing the weld 
command.  
 
 
 
 
 
 
 
 
 
  
Hover the mouse courser over the poly line to 
check if the welding worked. You should see 
the entire zigzagging polyline bold in highlight. 
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
  
DUPLICATE THE ZIGAZAGGING LINE … IN A MIRRORED ORIENTATION 
We want to mirror the poly line about the 
vertical axis. 
 
To mirror the polyline enter the MIRROR 
command…  
Type: mi <space> 
 
Alternately, you can … 
Under the top menu, Modify  click on the 
MIRROR icon . 
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Left click on the end point of the polyline as 
shown (at the bottom of the zigzagging line) to 
specify start point of mirror line.  
 
 
 
 
 
 
 
 
 
   
Left click on the end point of the polyline as 
shown (at the top of the vertical segment) to 
specify the end point of mirror line.  
 
 
 
 
 
 
 
 
 
  
The command window prompts you to 
Confirm: Delete source entities?  The default is 
no.  
 
Press <space> to finish MIRROR.  
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To move the new polyline, left click the new 
polyline to select it.  
 
 
 
 
 
 
 
 
 
 
  
To enter the MOVE command … 
Type: m <space> 
 
Left click anywhere in the window to select 
the ‘from’ point. 
 
Move the mouse to the left of the ‘from’ point 
and make sure you see the horizontal guide 
lines. 
 
Type: 30 <space> 
 
 
 
 
 
The move is done. Make sure the new polyline 
is a little away from the test cell outline.  
If it is too close as it is in the screen shot to the 
right, select both polylines and move them 
together away from the test cell outline.  
 
Save the drawing using Ctrl+S or the Save icon:
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HORIZONTALLY STRETCH THE ZIGZAGS IN THE LEFT LINE 
This tutorial includes two signficant differences between the channels even though the channels in CELERE test cells 
should ideally have just one difference. The presence of curved vs. sharp corners in the zigzags is the most obvious, but 
the left channel is also stretched such that the zigzags in the two channels are at different angles.  However, as a result 
of the stretching, the horizontal span of the zigzags is similar when the left channel’s corners are curved.  To be clear, if 
the left channel was not stretched, the horizontal span would be much shorter with the curved corners.  This is an 
example where it is sometimes not possible to have a single difference between two channels, which is why the design 
requirement is ideally one difference between channels and why the design hint MOOD is Mainly Only One Difference. 
To stretch the polylines, … 
Under the top menu, Modify  click on the 
STRETCH icon .  
 
 
 
 
 
 
 
 
 
  
Use the intersection selection method to 
select the left three points of the left hand 
polyline. 
 
 
 
 
 
 
 
 
 
  
Press <space> to indicate that all entities have 
been selected and execute the command. 
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Somewhere in the workspace left click to 
select the ‘from’ point. 
 
 
 
 
 
 
 
 
 
 
  
Move the mouse courser horizontally to the 
left. Make sure the horizontal guide curve is 
activated. 
 
Type: 10 <space> 
 
 
 
 
 
 
 
  
The stretch is done and the STRETCH command 
is automatically exited.  
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To stretch the other side, repeat the STRETCH 
command. 
 
Right click on the workspace and select 
‘Repeat STRETCH’ from the pop up menu.  
 
 
 
 
 
 
 
  
Use the intersection selection method to 
select the right three points of the left hand 
polyline. 
 
Press <space> to indicate that all entities have 
been selected and execute the command.  
 
 
 
 
 
 
  
Somewhere in the workspace left click to 
select the ‘from’ point. 
 
Move the mouse courser horizontally to the 
right.  Make sure the horizontal guide curve is 
activated. 
 
Type: 10 <space> 
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The STRETCH command exits. 
 
We are done stretching. 
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
  
MAKE THE CORNERS CURVED (INSTEAD OF SHARP) IN THE LEFT LINE 
To fillet the polyline, … 
Under the top menu, Modify  click on the 
FILLET icon . 
 
To change the default radius size, … 
Type: 
R <space> 
12 <space> 
 
Note: The FILLET command is still activated. 
 
 
  
Left click on the vertical line segment of the 
polyline on the left to select it.  
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Left click on the first line above the vertical 
line.  
 
 
 
 
 
 
 
 
 
 
  
This creates a filleted corner between these 
two line segments.  
 
The FILLET command is still active.  
Press escape to end the command.  
 
 
 
 
 
 
 
  
The space bar can be used to repeat the last 
command.  Repeat the FILLET command.  
 
To change the fillet size, 
Type: 
R <space> 
10 <space> 
 
To fillet all the sharp corners of a polyline, … 
Type: 
P <space> 
 
Left click on the left hand polyline to select it 
for filleting. 
 
The filleting task is done. 
 
Save the drawing using Ctrl+S or the Save icon:
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CHANGE THE ZIGZAGGING LINES INTO CHANNELS  
We have drawn the center line of the channel. 
 
To offset the center line to form the channel 
walls, …  
Under the top menu, Modify  click the 
OFFSET icon . 
 
 
 
 
 
 
  
In the command window, specify off set 
distance of 3 mm.  
 
Type: 3 <space> 
 
Left click on the left hand polyline to specify 
the source entity, i.e., the feature to be offset.  
 
 
 
 
  
  
The command window will prompt you to 
specify the side for the destination, i.e., offset. 
 
Type: B <space> 
 
This tells the program to offset the line 3mm in 
both directions.  
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The OFFSET command is still active.  
 
Select the right hand polyline.  
 
Type: B <space> 
 
 
 
 
 
 
 
  
The offset task is done. 
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
 
  
CLOSE THE CHANNEL TOPS 
A common mistake is to skip this step, which in this example would yield 4 narrow channels that are the width of the 
laser cut. 
To draw an arc to cap the two channels, … 
On the left menu, click on arc icon  to start 
the ARC command.  
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To draw an arc by specifying its center and 
then two end points, … 
Type: C <space> 
 
Left click on the end point shown on the right, 
i.e., the top of the right channel’s center line.  
 
 
 
 
 
 
  
Left click on the end point shown on the right, 
i.e., the top of the right channel’s right wall.  
 
 
 
 
 
 
 
 
 
 
  
Left click on the end point shown on the right, 
i.e., the top of the right channel’s left wall.  
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The arc is completed on the right channel.  
 
 
 
 
 
 
 
 
 
 
 
  
Right click on the workspace and select 
‘Repeat ARC’ from the pop up menu.  
 
 
 
 
 
 
 
 
 
 
  
To draw an arc by specifying its center and 
then two end points, … 
Type: C <space> 
 
Left click on the end point shown on the right, 
i.e., the top of the left channel’s center line.  
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Left click on the end point shown on the right, 
i.e., the top of the left channel’s right wall.  
 
 
 
 
 
 
 
 
 
 
  
Left click on the end point shown on the right, 
i.e., the top of the left channel’s left wall.  
 
 
 
 
 
 
 
 
 
 
  
The task of closing the top of the channels 
with arc is complete. 
 
Save the drawing using Ctrl+S or the Save icon:
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WELD TOGETHER THE LEFT, TOP, AND RIGHT PARTS OF EACH CHANNEL  
To weld the left, top, and right parts of each 
channel (i.e., the polylines and arc) together,  
Under the top menu, Modify  click on the 
weld icon  to enter the WELD command. 
 
 
 
 
 
 
 
 
  
Left click the left wall (i.e., polyline) of the left 
channel.  
 
 
 
 
 
 
 
 
 
 
  
Left click the left channel’s top (i.e., arc).  
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Left click the right wall (i.e., polyline) of the left 
channel.  
 
 
 
 
 
 
 
 
 
 
  
Press <space> to execute the command. 
The left hand channel is welded together.  
 
Hovering the mouse courser over the channel 
shows that the three channel components are 
welded together and should be bold as shown 
on the right. 
 
Save the drawing using Ctrl+S or the Save icon:
 
 
 
  
To weld the left, top, and right parts of the 
right channel (i.e., the polylines and arc) 
together,  
Right click on the workspace and select 
‘Repeat ARC’ from the pop up menu.  
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Left click the left wall (i.e., polyline) of the right 
channel.  
 
 
 
 
 
 
 
 
 
 
  
Left click the right channel’s top (i.e., arc).  
 
 
 
 
 
 
 
 
 
 
 
  
Left click the right wall (i.e., polyline) of the left 
channel.  
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Type: <space>  
to confirm that the right channel welding is 
done. 
 
Save the drawing using Ctrl+S or the Save icon:
 
 
 
 
 
 
 
  
CREATE THE BASE OF THE TEST CELL’S MIDDLE LAYER 
On the left menu, click on the LINE icon  to 
enter the LINE command.  
 
 
 
 
 
 
 
 
 
 
  
Left click the end point shown (i.e., the bottom 
of the left channel’s right wall) to specify the 
start point.  
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Left click the end point shown (i.e., the bottom 
of the right channel’s left wall) to specify the 
next point.  
 
 
 
 
 
 
 
 
 
  
Exit the LINE command by pushing escape. 
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
 
  
To copy the line we just drew, … 
Left click on the line to select it.  
 
Type: co <space> 
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Click on the right end point of the line as 
shown.  This specifies the ‘from’ point.  
 
 
 
 
 
 
 
 
 
 
  
Select the end point as shown (i.e., the bottom 
of the left channel’s left wall) as the 
destination for the copy.  
 
 
 
 
 
 
 
 
 
  
The copying of the line to the left is complete.  
Press escape to exit the COPY command.  
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Select center line again. We are going to copy 
it using a different ‘from’ point.  
 
Type: co <space> 
 
 
 
 
 
 
 
 
  
This time select the left end point of the line 
as shown (i.e., at the bottom of the right wall 
of the left channel).  
 
 
 
 
 
 
 
 
 
  
Select the end point as shown (i.e., the bottom 
of the right channel’s right wall) as the 
destination for the copy.  
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The copying of the line to the right is complete.  
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
 
  
CREATE CURVED INLET SECTIONS FOR THE CHANNELS 
To fillet the base of the channel walls, … 
Under the top menu, Modify  click on the 
FILLET icon . 
 
To change the default radius size, …  
Type: 
R <space> 
10 <space> 
 
 
 
 
  
Select the horizontal line on the left to specify 
the first item.  
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Select the left channel to specify the second 
item.  
 
 
 
 
 
 
 
 
 
 
  
The left channel’s left corner now has a fillet.  
 
 
 
 
 
 
 
 
 
 
 
  
Repeat the same process for the other three 
corners at the entrance to the channels.  
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The fillet task is complete.  Note how the line 
is now completely connected. 
 
Hover mouse over the channel outline to 
verify the entire outline is highlighted.  
 
Save the drawing using Ctrl+S or the Save icon:
 
 
 
 
 
  
TRIM THE LINE AT THE BOTTOM (I.E., TEST CELL BASE) 
To trim (i.e., eliminate) line segments that we 
don’t need or want, … 
Under the top menu, Modify  click on the 
TRIM icon  to start the TRIM command.  
 
 
 
 
 
 
 
 
  
Select the polyline (i.e., channels) to specify 
that item that needs trimming.  
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Type <space> to confirm the selection.  
 
 
 
 
 
 
 
 
 
 
 
  
Select the left hand horizontal line as shown 
for trimming.  
 
 
 
 
 
 
 
 
 
 
   
Select the right hand horizontal line as shown 
for trimming.  
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The trimming is complete.  Press escape to exit 
the TRIM command.  
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
  
MOVE THE CHANNELS INTO THE TEST CELL 
Select the channel polyline.  
 
 
 
 
 
 
 
 
 
 
 
  
Type: m <space> 
 
Select the midpoint of the horizontal line to 
specify the ‘from’ point.  
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Specify the destination by selecting the 
midpoint of the test cell bottom.  
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
  
FINISH THE DRAWING 
To clean up the drawing, … 
Select the remaining channel center lines (i.e., 
to the right of the test cell), right click on the 
workspace, and select ‘Delete’ from the pop 
up window.  
 
 
 
 
 
 
 
  
The drawing is done. 
 
Save the drawing using Ctrl+S or the Save icon:
  
 
 
 
 
 
 
 
 
  
 
 
 
Questions 
As a start, please review the CELERE information available on the web at: 
 http://spaceflightsystems.grc.nasa.gov/CELERE/ 
 www.facebook.com/NASA.celere 
For more information, please e-mail celere@lists.nasa.gov. 
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Appendix B
Star CCM+’s VOF Model
CFD simulations discussed herein use the following Star CCM+ physics models and
solvers for modeling 3D, transient, laminar, multiphase flow. These models are used in
the CFD models of Chapters 3 and 4. A brief description of each model follows.
1. Three Dimensional
2. Eulerian Multiphase
3. Gradients
4. Gravity
5. Implicit Unsteady
6. Laminar
7. Multiphase Equation of State
8. Multiphase Interaction
9. Segregated Flow
10. Volume of Fluid (VOF)
Star CCM+ is capable of solving a variety of spacial problems; 2D, Axi-symmetric, 3D
Shell, and 3D models. The Three Dimensional model is used to solve the discritized
governing equations on a 3D volume mesh.
The Eulerian multiphase models allows for the definition of two or more continu-
ous phases. This present work focuses on two phase flow; i.e. a flow containing both
a liquid phase and a gas phase. Both phases are modeled as being laminar flow with
constant material properties. The gradients models set up the gradient methods used
for the duration of the simulation. The default hybrid Gauss-LSQ gradient method
and Venkatakrishnan limiter method are used [9]. The gravity model adds the grav-
itational body force to the momentum equations. It is used here for developing the
253
1go = 9.81 ms−2 initial condition (when simulating a step reduction in gravity as typi-
cal for drop tower tests) and specifying microgravity.
Free surface flows are inherently time dependent. The implicit unsteady model and
solver are the only options for segregated flow solvers. The solver has two discretization
schemes, first and second order. The second order scheme uses the second order grid
flux equation
G f =
3δ∀ni −δ∀n−1i
2∆t
(2.1)
where the grid flux G f is ,δ∀ is the change in volume of phase i from the previous time
step n−1 to current time step n. Here ∆t is in terms of n [9].
The laminar viscous regime is selected for well ordered flows where viscosity still
plays a role. While the viscosity terms of the governing equations can be ignored by
using the inviscid flow model and flows of high Reynolds number or turbulent flow
introduce a variety of additional models, laminar flow is assumed within the scope of
this thesis. The Multiphase Interactions model allows the user to turn on the Interface
Momentum Dissipation, Surface Tension model, and Marangoni Convection. Most
importantly it allows the user to define the primary and secondary phase for the VOF
model. Surface tension is applied to the primary phase and therefore must be correctly
specified. For the scope of this thesis Star CCM+’s Marangoni Convection model is not
used.
The Segregated Flow solver uses the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm. A summary of the algorithm is listed below. For de-
tails concerning SIMPLE and Star CCM+’s use see the STAR user guide [9].
1. Set boundary conditions.
2. Compute velocity and pressure gradients
3. Solve discretized momentum equation (2.9) for the intermediate velocity field.
4. Compute the uncorrected mass fluxes at faces.
5. Solve pressure correction equation for corrected pressure p ′.
6. Update pressure field using
pn+1 = pn +ωp ′, (2.2)
where n is the neighbor coefficient, andω is the under-relaxation factor for pres-
sure.
7. Update pressure at the boundaries
254
8. Correct the face mass flux
9. Correct the cell velocities
10. Update density due to pressure changes.
The VOF solver treats the domain as a single domain, distinguishing between the
phases using a volume fill fraction αi =∀i /∀, where ∀ is the total domain volume and
∀i is the volume of the i th phase. The equations for material properties are:
ρ =∑
i
ρiαi (2.3)
and
µ=∑
i
µiαi (2.4)
where ρ and µ are density and viscosity.
The mass conservation equation for fluid i in integral form
∂
∂t
∫
∀
αi d∀+
∫
S
αi v ·ndS =
∫
∀
(
sαi −
αi
ρi
Dρi
Dt
)
d∀ (2.5)
is used to compute the transport of volume fraction αi , where sαi is a source or sink
term,
Dρi
Dt
is the substantial derivative of the phase densities, and v is fluid velocity. For
phases with constant density and no sources or sinks, the continuity equation reduces
to
∇·v= 0. (2.6)
Star CCM+’s implementation of SIMPLE uses the following refinement of the continu-
ity equation
∇· (vciαi (1−αi )) , (2.7)
where
vci =Cα×|v|
∇α
|∇α| (2.8)
and Cα is the Sharpening Factor. The Sharpening Factor is a constant parameter spec-
ified by the user.
The momentum conservation equation for fluid i in integral form is
∂
∂t
∫
∀
ρi vd∀+
∫
S
ρi v ·ndS =−
∫
S
pIdS+
∫
S
TdS+
∫
V
Fb , (2.9)
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where p is pressure, I is the identity matrix, T is the viscous stress tensor, and Fb are
body forces. For laminar flow the viscous stress tensor T is
T=µi
[
∇v+∇vT − 2
3
(∇·v)I
]
, (2.10)
where µ is the dynamic viscosity. Only body forces from gravity are considered
throughout this thesis. The general equation for scalar transport is
∂
∂t
∫
∀
ρiφd∀+
∫
S
ρiφv ·ndS =
∫
S
Γ∇φ ·ndS+
∫
V
ρi bφdV , (2.11)
where φ is a scalar quantity, Γ is the diffusivity coefficient, and bφ is the source or sink
term of scalar φ.
The standard discretization method to capture the interface finds the fill fraction ξ
at the cell and cell face using
ξ f =
α f −αU
αD−αU
(2.12)
and
ξC = αC −αU
αD−αU
, (2.13)
where subscripts U, C, D are for upstream, center, and downstream respectively and f
denotes cell face (see figure B.0.1.) This definition of the fill fraction ensures bounded-
ness such that
αU ≤αC ≤αD (2.14)
or
αD ≤αC ≤αU. (2.15)
f
n f
∇α
U C Dθ
Figure B.0.1: Interface with superimposed mesh.
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STAR-CCM+ modifies standard methods to capture the interface with the high res-
olution interface capturing (HRIC) scheme such that
ξ f =

ξC if ξC < 0
2ξC if 0≤ ξC < 0.5
1 if 0.5≤ ξC < 1
ξC if ξC ≥ 1
. (2.16)
This is also called the Linear Upwind Difference Scheme. Figure B.0.2 is a normalized
variable diagram illustrating the different schemes.
0 0.5 1
0
0.5
1
ξC
ξ
f
HRIC
DDS
UDS
CDS
Figure B.0.2: Normalized Variable Diagram comparing STAR-CCM+’s high-resolution
interface capturing (HRIC) scheme with down-stream differencing scheme (DDS), up-
stream differencing scheme (UDS), and central differencing scheme (CDS).
STAR-CCM+ uses the local CFL number and CFL limiting parameters to correct this
value such that
ξ∗f =

ξ f if CFL<CFLl
ξC+
(
ξ f −ξC
) CFLu−CFL
CFLu−CFLl
if CFLl ≤CFL<CFLu
1 if 0.5≤ ξC < 1
ξC if CFL≥CFLu
, (2.17)
where CFLu and CFLl are the upper and lower CFL limits with default values of 1 and
0.5 and CFL refers to the Courant-Friedrich-Levi condition
CFL= u ∆t
∆x
, (2.18)
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where u is the characteristic velocity, ∆t is the time-step of the simulation, and ∆x is
the characteristic mesh size. STAR-CCM+ calculates a local Courant number
Cu= v ·a f∀c
δt , (2.19)
where v is the velocity of the medium at the local cell, a f is the cell’s surface area, ∀c
is the volume of the cell, and δt is the time step. To account for the orientation of the
interface in the event it does not align with the cell face, Star CCM+ implements the
correction
ξ∗∗f = ξ∗f (cosθ)Cθ +ξC
[
1− (cosθ)Cθ] , (2.20)
where Cθ is the scheme parameter with a default value of 0.05, and θ is the orientation
of the interface measure from the cell face normal (see figure B.0.1). The convected
cell-face volume fraction is determined using
αHRICf = ξ∗∗f (αD−αU)+αU. (2.21)
Introducing the blending factor
γ f =
(
1−ξ∗∗f
)
(αD−αU)
αD−αC
(2.22)
allows (2.21) to be recast as
αHRICf = γ f αC+
(
1−γ f
)
αD. (2.23)
While the kinematic interface is implicitly accounted for in the VOF model, the dy-
namic interface requires additional models. Surface tension is resolved into a normal
and a tangential components relative to the free surface such that
Fσ,n =
∫
∀
σκ∇αi d∀ (2.24)
and
Fσ,t =
∫
∀
∂σ
∂t
t f s |∇αi |d∀, (2.25)
where κ = ∇ ·n f s is the curvature of the free surface, n f s = ∇αi /|∇αi | is the unit vec-
tor normal to the interface, t is the unit vector tangent to the interface, and subscript
f s is reserved for variables associated with the free surface. One potential pitfall of
curvature being calculated after the interface is smoothed is that too high Sharpening
Factors Cα cripple results [9].
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When the fluid is at rest and surface tension effects dominate the flow, parasitic
velocities develop at the interface leading to parasitic currents and incorrect results.
This is a numerical error that arises from the model’s effort to balance the pressure
(linear) and surface tension (non-linear) terms in
−
∫
∀
∇p d∀+
∫
∀
σκ∇αi d∀= 0. (2.26)
STAR-CCM+ enforces the contact angle using
n f s =−nw cosθw + tw sinθw , (2.27)
where θw is the contact angle, n and t are the normal and tangental unit vectors, sub-
script w indicates wall variable. Figure B.0.3 illustrates contact angle definitions.
t f s
θw
n f s
tw
nw
Figure B.0.3: Schematic for STAR’s definitions of contact angle.
Dynamic contact angle boundary conditions are discussed in more detail in §4.5.
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Appendix C
SE-FIT Development Details
C.1 SE-FIT .fe setup
Notes for SE-FIT .fe file setup.
C.1.1 Geometry Setup
2α
z
y
x
Figure C.1.1: Isometric view of bubble configuration under 1go. Wedge angle 2α and
global coordinate system (GCS) are labeled.
C.1.2 Gravity Setup
gx = gφ sinφ (3.1)
g y = gψ sinψ (3.2)
gz = gφ cosφ= gψ cosψ (3.3)
From Pythagorean theorem
g 2o = g 2x + g 2y + g 2z (3.4)
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z
y
x
Figure C.1.2: General initial dimensions for SE-FIT model. Gravity vector angles and GCS
are labeled as well.
go
φ
z
y
xx
Lstart
Lwedge
go
x1start
x2start
xwedge
−y1start
−y2start
−ywedge
ψ
α
Figure C.1.3: SE-FIT model initial geometry. The Black triangle is representative of the the
wedge. The blue trapezoidal prism is representative of the initial bubble configuration.
GCS is shown.
Substitute Equation (3.1)-(3.3) into Equation 3.4.
g 2o =
(
gφ sinφ
)2+ (gψ sinψ)2+ (gψ cosψ)2
= g 2φ sin2φ+ g 2ψ sin2ψ+ g 2ψ cos2ψ
= g 2φ sin2φ+ g 2ψ
(
sin2ψ+cos2)
= g 2φ sin2φ+ g 2ψ (3.5)
From Equation 3.3 we know
gφ =
gψ cosψ
cosφ
(3.6)
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Figure C.1.4: Isometric view of wedge geometry model components. Numbered circles
show relative location of vertices and identification numbers (detailed in ??. Numbered
triangles show location, direction and identification of edges (detailed in Figure C.1.8).
Numbered squares illustrate location and identification of faces (detailed in Figure C.1.10
and Figure C.1.11). Normal outward convention used.
Substitute Equation 3.6 into Equation 3.5
g 2o =
g 2ψ cos
2ψ
cos2φ
sin2φ+ g 2ψ
Factor out g 2ψ
g 2o = g 2ψ
(
cos2ψsin2φ
cos2φ
+1
)
Rearrange
g 2o = g 2ψ
(
cos2ψsin2φ
cos2φ
+ cos
2φ
cos2φ
)
g 2o = g 2ψ
(
cos2ψsin2φ+cos2φ
cos2φ
)
Solve for gψ
g 2ψ = g 2o
(
cos2φ
cos2ψsin2φ+cos2φ
)
gψ = go cosφ
(
cos2ψsin2φ+cos2φ)−1/2 (3.7)
Recall Equation 3.6
gψ =
gψ cosψ
cosφ
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Figure C.1.5: Isometric view of initial bubble geometry model components. Numbered
circles show relative location of vertices and identification numbers (detailed in Fig-
ure C.1.7). Numbered triangles show location, direction and identification of edges (de-
tailed in Figure C.1.9). Numbered squares illustrate location and identification of faces
(detailed in Figure C.1.12). Normal outward convention used. Contact line is closed loop
identified as all edges going in the same direction.
z
yx
4
5
6
1
2
3
Figure C.1.6: Isometric view of wedge vertices. Numbered circles show vertex relative lo-
cation to GCS and corresponding identification number in SE-FIT model. Figure C.1.3
illustrates general dimensions used in SE-FIT model.
Substitute Equation 3.6 into Equation 3.7
gφ = go cosψ
(
cos2ψsin2φ+cos2φ)−1/2
Apply Pythagorean Identity
cos2φ+ sin2φ= 1⇒ sin2φ= 1−cos2φ
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Figure C.1.7: Isometric view of bubble vertices. Numbered circles show vertex relative
location to GCS and corresponding identification number in SE-FIT model. Figure C.1.3
illustrates general dimensions used in SE-FIT model.
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5
Figure C.1.8: Isometric view of wedge edges defined in SE-FIT model. Arrows and num-
bered triangle show direction of edge. Number in triangle is edge identification number.
Therefore
gφ = go cosψ
(
cos2ψ(1−cos2φ)+cos2φ)−1/2
= go cosψ
(
cos2ψ−cos2φcos2ψ+cos2φ)−1/2
= go cosψ
(
cos2ψ+cos2φ(−cos2ψ+1))−1/2
Apply Pythagorean Identity again and rearrange
gφ = go cosψ
(
cos2φsin2ψ+cos2ψ)−1/2 (3.8)
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Figure C.1.9: Isometric view of bubble edges defined in SE-FIT model. Arrows and num-
bered triangle show direction of edge. Number in triangle is edge identification number.
z
yx
Figure C.1.10: Isometric view of SE-FIT model’s wedge side walls z = tanα
Substitute Equation 3.7 and (3.8) into Equations (3.1) to (3.3)
gx = gφ sinφ = go cosψsinφ
(
cos2ψ+cos2φsin2ψ)−1/2
g y = gψ sinψ = go cosφsinψ
(
cos2ψsin2φ+cos2φ)−1/2
= go cosφsinψ
(
cos2ψ(1−cos2φ)+cos2φ)−1/2
= go cosφsinψ
(
cos2ψ−cos2ψcos2φ+cos2φ)−1/2
= go cosφsinψ
(
cos2ψ+cos2φ(1−cos2ψ))−1/2
= go cosφsinψ
(
cos2ψ+cos2φsin2ψ)−1/2
gz = gφ cosφ = go cosφcosψ
(
cos2ψ+cos2φsin2ψ)−1/2
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z
yx
3
Figure C.1.11: Isometric view of SE-FIT model’s optional wall orthogonal to the wedge
vertex at some arbitrary y-location
z
yx
7
4
6
5
Figure C.1.12: Isometric view of bubble faces as defined in SE-FIT model
Introduce GDenom =
(
cos2ψ+cos2φsin2ψ)−1/2
gx = go sinφcosψGDenom
g y = go cosφsinψGDenom
gz = go cosφcosψGDenom
(3.9)
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Figure C.1.13: Isometric view of gravity vector components
gψ
yx
z
gφ
ψ
φ
gx g y
gz
Figure C.1.14: Orthographic view of gravity vector components
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C.2 Bubble in Wedge .fe files
Three .fe files were created for the confined bubble problem; full, half, and quarter
domain. The half and quarter domain files exploit symmetry planes at y=0 and x=0.
1 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// BubbleInWedge_InitialCondition . fe
3 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
//
5 // Evolver data for determining i n i t i a l condition for a bubble trapped
// along and i n t e r i o r corner of h a l f angle alpha .
7 //
// This w i l l be used for calculat ing the length of the bubble as
9 // as a function of alpha under 1go conditions . Comparing the surface
// to the i n i t a l condion of droptower t e s t s of s imilar geometry w i l l
11 // aid in determing bubble volume from experiments .
//
13 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Cartoon
15 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
//
17 // | z z
// | | |
19 // | | |
// |−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−| \ | /
21 // | | \ | /
// | | \ | /
23 // | | \ | /
// | | \ | /
25 // | | \ | /
// | | \ | /
27 // | ______________________________ | ___y \ | / _____________ x
//
29 //
//
31 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Parameters
33 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
//
35 // ContactAngle − i n t e r i o r angle between plane and surface , degrees
// CornerHalfAngle − have the angle of the corner , degrees
37 // GAnglePhi − Angle g r a v i t y i s acting P a r a l l e l to x−z plane , degrees
// GAnglePsi − Angle g r a v i t y i s acting P a r a l l e l to y−z plane , degrees
39 // BOND − Bond Number, u n i t l e s s
//
41 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// Reset Default Values
43 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
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gravity_constant 0 // s t a r t with g r a v i t y o f f
45 keep_macros
keep_originals
47
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
49 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Parameters
51 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
53 PARAMETER ContactAngle = 0 // contact angle of the f l u i d to
surface
PARAMETER CornerHalfAngle = 7.9 // corner h a l f angle of wedge
55 PARAMETER GAnglePhi = 0 // g r a v i t y angle in z−x plane from z−axis
PARAMETER GAnglePsi = 0 // g r a v i t y angle in z−y plane from z−axis
57 PARAMETER BOND = 1 // Bond Number
59
#define WALLT ( cos ( ContactAngle * pi /180) ) // v i r t u a l tension of face t on
plane
61 #define SINA ( sin ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define COSA ( cos ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
63 #define TANA ( tan ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define SINPH ( sin ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
65 #define COSPH ( cos ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
#define SINPS ( sin ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
67 #define COSPS ( cos ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
#define G_Denom (COSPS^2+(COSPH^2*SINPS^2) ) ^(1/2)
69 #define G_X SINPH*COSPS/G_Denom // Gravity x−coordinate
#define G_Y COSPH*SINPS/G_Denom // Gravity y−coordinate
71 #define G_Z COSPH*COSPS/G_Denom // Gravity z−coordinate
#define RADIUS ( 3 / ( 4 * pi ) ) ^(1/3) // Radius of sphere with volume 1
73
// define wedge coordinates
75 #define L_Wedge ( 1 0 . 0 ) // length of wedge
#define Z_Wedge (RADIUS/TANA+2*RADIUS) // depth of wedge
77 #define X_Wedge Z_Wedge*TANA // width of wedge
79 // define bubble s t a r t i n g coordinates
PARAMETER L_Start= 2.0 // s t a r t i n g length of bubble
81 PARAMETER Z1_Start= 0.5 // s t a r t i n g position for z_1
PARAMETER Z2_Start= 1.5 // s t a r t i n g position for z_2
83 #define X1_Start ( Z1_Start *TANA) // s t a r t i n g position for x_1
#define X2_Start ( Z2_Start *TANA) // s t a r t i n g position for x_2
85 #define BubbleVolume 1 // bubble volume ;
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87 // Define Global Coordinate System Variables
#define GCS_X ( 0 . 5 ) // x−coordinate length
89 #define GCS_Y ( 0 . 5 ) // y−coordinate length
#define GCS_Z ( 0 . 5 ) // z−coordinate length
91
// Define Visual parameters
93 #define Opacity_Bubble ( . 6 5 ) // bubble face opacity
#define Opacity_Wedge ( . 1 2 5 ) // wedge face opacity
95
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
97 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up Constraints
99 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
101 //
// The wall on the p o s i t i v e x−side
103 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 1
105 formula : x = z *TANA
energy : // for contact angle
107 e1 : 0
e2 : −(WALLT* x ) /SINA
109 e3 : 0
111 // The wall on the negit ive x−side
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
113 constraint 2
formula : x = −z *TANA
115 energy : // for contact angle
e1 : 0
117 e2 : −(WALLT* x ) /SINA
e3 : 0
119
// The wall y = −L_Wedge ; optional wall at end of wedge
121 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 3
123 formula : y = −L_Wedge
125 // keep free v e r t i c i e s ( not on contact l i n e ) on correct side of wall
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
127 constraint 4 nonnegative
formula : z *TANA−x=0
129
constraint 5 nonpositive
131 formula : −z *TANA−x=0
133 constraint in_wedge nonpositive
formula : ( x−z *TANA) * ( x+z *TANA)
270
135
constraint 6 nonnegative global
137 formula : z=0
139 // Constraints for wedge p i c t o r a l referance only . Not applied to surface .
// The wall on the p o s i t i v e x−side
141 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 7
143 formula : x = z *TANA
energy : // for contact angle
145 e1 : 0
e2 : −(WALLT* x ) /SINA
147 e3 : 0
149 // The wall on the negit ive x−side
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
151 constraint 8
formula : x = −z *TANA
153 energy : // for contact angle
e1 : 0
155 e2 : −(WALLT* x ) /SINA
e3 : 0
157
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
159 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up P o t i e n t i a l Energy
161 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
163 quantity MY_GRAV energy method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
165 q1 : 0
q2 : BOND* (G_X* x * y + G_Y* y^2/2 + G_Z* y * z )
167 q3 : 0
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
169 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up Center of Mass
171 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
173 quantity XMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
175 q1 : 0
q2 : x * y
177 q3 : 0
179 quantity YMC fixed = 0 method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
181 q1 : 0
q2 : y^2/2
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183 q3 : 0
185 quantity ZMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
187 q1 : 0
q2 : y * z
189 q3 : 0
191 quantity VOL FIXED = BubbleVolume method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
193 q1 : 0
q2 : y
195 q3 : 0
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
197 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Geometery
199 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
201 //
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
203 // Define Vert ices
// <ID#> <x−coord> <y−coord> <z−coord> <constraints >
205 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
v e r t i c e s
207
// _________________________________________________________________________
209 // Wedge Vert ices
//
211 // x−z plane at y = L_Wedge/2
1 0.0 L_Wedge/2 0.0 f ixed constraint 7 constraint 8
213 2 X_Wedge L_Wedge/2 Z_Wedge f ixed constraint 7
3 −X_Wedge L_Wedge/2 Z_Wedge f ixed constraint 8
215
// x−z plane at y = −L_Wedge/2
217 4 0.0 −L_Wedge/2 0.0 f ixed constraint 7 constraint 8
5 X_Wedge −L_Wedge/2 Z_Wedge f ixed constraint 7
219 6 −X_Wedge −L_Wedge/2 Z_Wedge f ixed constraint 8
221 // _________________________________________________________________________
// Bubble V e r t i c i e s
223 //
225 // x−z plane at y = L_Start /2
7 X1_Start L_Start /2 Z1_Start constraint 1
227 8 X2_Start L_Start /2 Z2_Start constraint 1
9 −X2_Start L_Start /2 Z2_Start constraint 2
229 10 −X1_Start L_Start /2 Z1_Start constraint 2
272
231 // x−z plane at y = −L_Start /2
11 X1_Start −L_Start /2 Z1_Start constraint 1
233 12 X2_Start −L_Start /2 Z2_Start constraint 1
13 −X2_Start −L_Start /2 Z2_Start constraint 2
235 14 −X1_Start −L_Start /2 Z1_Start constraint 2
237 // _________________________________________________________________________
// Global Coordinate System Vert ices
239 //
100 0.0 0.0 0.0 f ixed
241 101 GCS_X 0.0 0.0 f ixed
102 0.0 GCS_Y 0.0 f ixed
243 103 0.0 0.0 GCS_Z fixed
245 // _________________________________________________________________________
// Gravity vector
247 //
104 1*G_X 1*G_Y 1*G_Z fixed
249
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
251 // Define Edges
// <ID#> < s t a r t vertex > <end vertex > <constraints >
253 // contact l i n e s should be closed loops . . . direct ion matters
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
255 edges
257 // _________________________________________________________________________
// Wedge Edges
259 //
261 // edges on y = L_Wedge/2
1 1 2 f ixed constraint 7 bare no_refine
263 2 3 2 f ixed bare no_refine
3 3 1 f ixed constraint 8 bare no_refine
265 // edges on y = −L_Wedge/2
4 4 5 f ixed constraint 7 bare no_refine
267 5 5 6 f ixed bare no_refine
6 4 6 f ixed constraint 8 bare no_refine
269 // edges p a r a l l e l to y−axis
7 1 4 f ixed bare no_refine
271 8 2 5 f ixed constraint 7 bare no_refine
9 6 3 f ixed constraint 8 bare no_refine
273
// _________________________________________________________________________
275 // Bubble Edges
//
277 // edges on y = L_Start /2
10 10 7 constraint 4 5 6 //in_wedge
273
279 11 7 8 constraint 1
12 8 9 constraint 4 5 6 //in_wedge
281 13 9 10 constraint 2
283 // edges on y = −L_Start /2
14 11 14 constraint 4 5 6 //in_wedge
285 15 12 11 constraint 1
16 13 12 constraint 4 5 6 //in_wedge
287 17 14 13 constraint 2
289 // edges p a r a l l e l to y−axis
18 11 7 constraint 1
291 19 8 12 constraint 1
20 13 9 constraint 2
293 21 10 14 constraint 2
295 // _________________________________________________________________________
// Global Coordinate System Edges
297 //
//101 100 101 f ixed color red // x−axis l i n e
299 //102 100 102 f ixed color green // y−axis l i n e
//103 100 103 f ixed color blue // z−axis l i n e
301
// _________________________________________________________________________
303 // Gravity vector
//
305 104 100 104 f ixed color black bare
307 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Faces ( normal outward , direction of edges must remain constant )
309 // <ID#> <edge loop> < attr i bu t es >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
311 faces
// _________________________________________________________________________
313 // Wedge Faces
//
315
// _________________________________________________________________________
317 // Bubble Faces
//
319 // y−normal face at L_Start
4 −10 −13 −12 −11 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL
frontcolor l i gh tbl u e backcolor red opacity Opacity_Bubble
321
// z−normal face at Z1_Start
323 5 10 −18 14 −21 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL
frontcolor l i gh tbl u e backcolor red opacity Opacity_Bubble
274
325 // y−normal face at −L_Start
6 −14 −15 −16 −17 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL
frontcolor l i gh tbl u e backcolor red opacity Opacity_Bubble
327
// z−normal face at Z2_Start
329 7 12 −20 16 −19 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL
frontcolor l i gh tbl u e backcolor red opacity Opacity_Bubble
331 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Bodies
333 // <ID#> <oriented faces > volume <volume> density <density >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
335 bodies //one body , defined by i t s oriented faces
1 4 5 6 7 density 0
337 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
339 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
read
341
edge_length_factor := ( BubbleVolume ) ^(1/3)
343
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
345 // r e f i n e mesh
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
347 set edge where f ixed and id >9 color −1
set edge where f ixed and id == 5 color −1
349 set edge where f ixed and id == 2 color −1
set edge [104] color red
351
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
353 // orient geometry in GL window to match notes and f i g u r e s in document .
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
355 //show // enter graphics command promt
//30u // rotate view up 30 increments
357 //9 r // rotate view r i g h t 9 increments
//3d // rotate view down 3 increments
359 //m // center view on screen
//q // e x i t graphics command promt
361
show
363 30u9r3d
q
Listing C.1: .fe file for bubble in wedge: full domain
1 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// BubbleInWedge_half . fe
3 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
275
//
5 // Evolver data for determining i n i t i a l condition for a bubble trapped
// along and i n t e r i o r corner of h a l f angle alpha .
7 //
// This w i l l be used for calculat ing the length of the bubble as
9 // as a function of alpha under 1go conditions . Comparing the surface
// to the i n i t a l condion of droptower t e s t s of s imilar geometry w i l l
11 // aid in determing bubble volume from experiments .
//
13 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Cartoon
15 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
//
17 // | z z
// | | |
19 // | | |
// |−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−| \ | /
21 // | | \ | /
// | | \ | /
23 // | | \ | /
// | | \ | /
25 // | | \ | /
// | | \ | /
27 // | ______________________________ | ___y \ | / _____________ x
//
29 //
//
31 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Parameters
33 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
//
35 // ContactAngle − i n t e r i o r angle between plane and surface , degrees
// CornerHalfAngle − have the angle of the corner , degrees
37 // GAnglePhi − Angle g r a v i t y i s acting P a r a l l e l to x−z plane , degrees
// GAnglePsi − Angle g r a v i t y i s acting P a r a l l e l to y−z plane , degrees
39 // BOND − Bond Number, u n i t l e s s
//
41 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// Reset Default Values
43 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
gravity_constant 0 // s t a r t with g r a v i t y o f f
45 keep_macros
keep_originals
47
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
49 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Parameters
51 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
53 PARAMETER ContactAngle = 0 // contact angle of the f l u i d to
surface
PARAMETER CornerHalfAngle = 7.9 // corner h a l f angle of wedge
55 PARAMETER GAnglePhi = 0 // g r a v i t y angle in z−x plane from z−axis
PARAMETER GAnglePsi = 0 // g r a v i t y angle in z−y plane from z−axis
57 PARAMETER BOND = 1 // Bond Number
59
#define WALLT ( cos ( ContactAngle * pi /180) ) // v i r t u a l tension of face t on
plane
61 #define SINA ( sin ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define COSA ( cos ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
63 #define TANA ( tan ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define SINPH ( sin ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
65 #define COSPH ( cos ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
#define SINPS ( sin ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
67 #define COSPS ( cos ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
#define G_Denom (COSPS^2+(COSPH^2*SINPS^2) ) ^(1/2)
69 #define G_X SINPH*COSPS/G_Denom // Gravity x−coordinate
#define G_Y COSPH*SINPS/G_Denom // Gravity y−coordinate
71 #define G_Z COSPH*COSPS/G_Denom // Gravity z−coordinate
#define RADIUS ( 3 / ( 4 * pi ) ) ^(1/3) // Radius of sphere with volume 1
73
// define wedge coordinates
75 #define L_Wedge ( 5 ) // ( 1 0 . 0 ) // length of wedge
#define Z_Wedge (RADIUS/TANA+2*RADIUS) // depth of wedge
77 #define X_Wedge 10*TANA//Z_Wedge*TANA // width of wedge
79 // define bubble s t a r t i n g coordinates
PARAMETER L_Start= 1.0 // 2.0 // s t a r t i n g length of bubble
81 PARAMETER Z1_Start= 0.5 // s t a r t i n g position for z_1
PARAMETER Z2_Start= 1.5 // s t a r t i n g position for z_2
83 #define X1_Start ( Z1_Start *TANA) // s t a r t i n g position for x_1
#define X2_Start ( Z2_Start *TANA) // s t a r t i n g position for x_2
85 #define BubbleVolume 0.5 // bubble volume ;
87 // Define Global Coordinate System Variables
#define GCS_X ( 0 . 5 ) // x−coordinate length
89 #define GCS_Y ( 0 . 5 ) // y−coordinate length
#define GCS_Z ( 0 . 5 ) // z−coordinate length
91
// Define Visual parameters
93 #define Opacity_Bubble ( . 6 5 ) // bubble face opacity
#define Opacity_Wedge ( . 1 2 5 ) // wedge face opacity
277
95
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
97 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up Constraints
99 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
101 //
// The wall on the p o s i t i v e x−side
103 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 1
105 formula : x = z *TANA
energy : // for contact angle
107 e1 : 0
e2 : −(WALLT* x ) /SINA
109 e3 : 0
111 // The wall on the negit ive x−side
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
113 constraint 2
formula : x = −z *TANA
115 energy : // for contact angle
e1 : 0
117 e2 : −(WALLT* x ) /SINA
e3 : 0
119
// The wall y = −L_Wedge ; optional wall at end of wedge
121 // the wall y = 0 i s symetry plane
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
123 constraint 3
formula : y = 0 //−L_Wedge
125
// keep free v e r t i c i e s ( not on contact l i n e ) on correct side of wall
127 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 4 nonnegative
129 formula : z *TANA−x=0
131 constraint 5 nonpositive
formula : −z *TANA−x=0
133
constraint in_wedge nonpositive
135 formula : ( x−z *TANA) * ( x+z *TANA)
137 constraint 6 nonnegative global
formula : z=0
139
// Constraints for wedge p i c t o r a l referance only . Not applied to surface .
141 // The wall on the p o s i t i v e x−side
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
278
143 constraint 7
formula : x = z *TANA
145 energy : // for contact angle
e1 : 0
147 e2 : −(WALLT* x ) /SINA
e3 : 0
149
// The wall on the negit ive x−side
151 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 8
153 formula : x = −z *TANA
energy : // for contact angle
155 e1 : 0
e2 : −(WALLT* x ) /SINA
157 e3 : 0
159 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
161 // Set Up P o t i e n t i a l Energy
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
163 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
quantity MY_GRAV energy method f a c e t _ v e c t o r _ i n t e g r a l
165 vector_integrand :
q1 : 0
167 q2 : BOND* (G_X* x * y + G_Y* y^2/2 + G_Z* y * z )
q3 : 0
169 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
171 // Set Up Center of Mass
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
173 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
quantity XMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
175 vector_integrand :
q1 : 0
177 q2 : x * y
q3 : 0
179
quantity YMC info_only method f a c e t _ v e c t o r _ i n t e g r a l // f ixed = 0
181 vector_integrand :
q1 : 0
183 q2 : y^2/2
q3 : 0
185
quantity ZMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
187 vector_integrand :
q1 : 0
189 q2 : y * z
q3 : 0
279
191
quantity VOL FIXED = BubbleVolume method f a c e t _ v e c t o r _ i n t e g r a l
193 vector_integrand :
q1 : 0
195 q2 : y
q3 : 0
197 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
199 // View Transform ( mirror about y=0 symetry plane )
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
201 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
//
203 VIEW_TRANSFORM_GENERATORS 1
//COLOR 1 4
205 //SWAP_COLORS
1 0 0 0
207 0 −1 0 0
0 0 1 0
209 0 0 0 1
211 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
213 // Geometery
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
215 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
//
217 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Vert ices
219 // <ID#> <x−coord> <y−coord> <z−coord> <constraints >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
221 v e r t i c e s
223 // _________________________________________________________________________
// Wedge Vert ices
225 //
// x−z plane at y = L_Wedge/2
227 1 0.0 L_Wedge/2 0.0 f ixed constraint 7 constraint 8
2 X_Wedge L_Wedge/2 Z_Wedge f ixed constraint 7
229 3 −X_Wedge L_Wedge/2 Z_Wedge f ixed constraint 8
231 // x−z plane at y = 0
4 0.0 0.0 0.0 f ixed constraint 7 constraint 8 // constraint 3
233 5 X_Wedge 0.0 Z_Wedge f ixed constraint 7 // constraint 3
6 −X_Wedge 0.0 Z_Wedge f ixed constraint 8 // constraint 3
235
237 // _________________________________________________________________________
// Bubble V e r t i c i e s
280
239 //
241 // x−z plane at y = L_Start /2
7 X1_Start L_Start /2 Z1_Start constraint 1
243 8 X2_Start L_Start /2 Z2_Start constraint 1
9 −X2_Start L_Start /2 Z2_Start constraint 2
245 10 −X1_Start L_Start /2 Z1_Start constraint 2
247 // x−z plane at y = 0
11 X1_Start 0.0 Z1_Start constraint 1 constraint 3
249 12 X2_Start 0.0 Z2_Start constraint 1 constraint 3
13 −X2_Start 0.0 Z2_Start constraint 2 constraint 3
251 14 −X1_Start 0.0 Z1_Start constraint 2 constraint 3
253 // _________________________________________________________________________
// Global Coordinate System Vert ices
255 //
100 0.0 0.0 0.0 f ixed
257 101 GCS_X 0.0 0.0 f ixed
102 0.0 GCS_Y 0.0 f ixed
259 103 0.0 0.0 GCS_Z fixed
261 // _________________________________________________________________________
// Gravity vector
263 //
104 1*G_X 1*G_Y 1*G_Z fixed
265
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
267 // Define Edges
// <ID#> < s t a r t vertex > <end vertex > <constraints >
269 // contact l i n e s should be closed loops . . . direct ion matters
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
271 edges
273 // _________________________________________________________________________
// Wedge Edges
275 //
277 // edges on y = L_Wedge/2
1 1 2 f ixed constraint 7 bare no_refine
279 2 3 2 f ixed bare no_refine
3 3 1 f ixed constraint 8 bare no_refine
281
// edges p a r a l l e l to y−axis
283 7 1 4 f ixed bare no_refine
8 2 5 f ixed constraint 7 bare no_refine
285 9 6 3 f ixed constraint 8 bare no_refine
281
287 // _________________________________________________________________________
// Bubble Edges
289 //
// edges on y = L_Start /2
291 10 10 7 constraint 4 5 6
11 7 8 constraint 1
293 12 8 9 constraint 4 5 6
13 9 10 constraint 2
295
// edges on y = 0 //−L_Start /2
297 //14 11 14 constraint 4 5 6
//15 12 11 constraint 1
299 //16 13 12 constraint 4 5 6
//17 14 13 constraint 2
301
// edges on y = 0
303 14 11 14 constraint 3 4 5 color −1//6
16 13 12 constraint 3 4 5 color −1//6
305
// edges p a r a l l e l to y−axis
307 18 11 7 constraint 1
19 8 12 constraint 1
309 20 13 9 constraint 2
21 10 14 constraint 2
311
// _________________________________________________________________________
313 // Gravity vector
//
315 104 100 104 f ixed color black bare
317 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Faces ( normal outward , direction of edges must remain constant )
319 // <ID#> <edge loop> < attr i bu t es >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
321 faces
// _________________________________________________________________________
323 // Wedge Faces
//
325
// _________________________________________________________________________
327 // Bubble Faces
//
329 // y−normal face at L_Start
4 −10 −13 −12 −11 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
331
// z−normal face at Z1_Start
282
333 5 10 −18 14 −21 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
335 // y−normal face at −L_Start
// no not need faces on symetry plane
337
// z−normal face at Z2_Start
339 7 12 −20 16 −19 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
341 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Bodies
343 // <ID#> <oriented faces > volume <volume> density <density >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
345 bodies //one body , defined by i t s oriented faces
1 4 5 7 density 0
347 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
349 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
351 read
353 // apply view transform
transform_expr "a" // generates 1 transforms
355 transforms on
edge_length_factor := ( BubbleVolume ) ^(1/3)
357
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
359 // r e f i n e mesh
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
361 set edge where f ixed and id >9 color −1
set edge where f ixed and id == 5 color −1
363 set edge where f ixed and id == 2 color −1
set edge [104] color red
365
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
367 // orient geometry in GL window to match notes and f i g u r e s in document .
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
369 //show // enter graphics command promt
//30u // rotate view up 30 increments
371 //9 r // rotate view r i g h t 9 increments
//3d // rotate view down 3 increments
373 //m // center view on screen
//q // e x i t graphics command promt
375
show
377 30u9r3d
q
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Listing C.2: .fe file for bubble in wedge: half domain
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
2 // BubbleInWedge_quarter . fe
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
4 //
// Evolver data for determining i n i t i a l condition for a bubble trapped
6 // along and i n t e r i o r corner of h a l f angle alpha .
//
8 // This w i l l be used for calculat ing the length of the bubble as
// as a function of alpha under 1go conditions . Comparing the surface
10 // to the i n i t a l condion of droptower t e s t s of s imilar geometry w i l l
// aid in determing bubble volume from experiments .
12 //
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
14 // Cartoon
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
16 //
// | z z
18 // | | |
// | | |
20 // |−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−| \ | /
// | | \ | /
22 // | | \ | /
// | | \ | /
24 // | | \ | /
// | | \ | /
26 // | | \ | /
// | ______________________________ | ___y \ | / _____________ x
28 //
//
30 //
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
32 // Define Parameters
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
34 //
// ContactAngle − i n t e r i o r angle between plane and surface , degrees
36 // CornerHalfAngle − have the angle of the corner , degrees
// GAnglePhi − Angle g r a v i t y i s acting P a r a l l e l to x−z plane , degrees
38 // GAnglePsi − Angle g r a v i t y i s acting P a r a l l e l to y−z plane , degrees
// BOND − Bond Number, u n i t l e s s
40 //
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
42 // Reset Default Values
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
44 gravity_constant 0 // s t a r t with g r a v i t y o f f
284
keep_macros
46 keep_originals
48 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
50 // Define Parameters
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
52 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
PARAMETER ContactAngle = 10 // contact angle of the f l u i d to
surface
54 PARAMETER CornerHalfAngle = 7.9 // corner h a l f angle of wedge
PARAMETER GAnglePhi = 0 // g r a v i t y angle in z−x plane from z−axis
56 PARAMETER GAnglePsi = 0 // g r a v i t y angle in z−y plane from z−axis
PARAMETER BOND = 3 // Bond Number
58
#define WALLT ( cos ( ContactAngle * pi /180) ) // v i r t u a l tension of face t on
plane
60 #define SINA ( sin ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define COSA ( cos ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
62 #define TANA ( tan ( CornerHalfAngle * pi /180) ) // convert corner halfangle to
radians
#define SINPH ( sin ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
64 #define COSPH ( cos ( GAnglePhi * pi /180) ) // convert GAnglePhi to radians
#define SINPS ( sin ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
66 #define COSPS ( cos ( GAnglePsi * pi /180) ) // convert GAnglePsy to radians
#define G_Denom (COSPS^2+(COSPH^2*SINPS^2) ) ^(1/2)
68 #define G_X SINPH*COSPS/G_Denom // Gravity x−coordinate
#define G_Y COSPH*SINPS/G_Denom // Gravity y−coordinate
70 #define G_Z COSPH*COSPS/G_Denom // Gravity z−coordinate
#define RADIUS ( 3 / ( 4 * pi ) ) ^(1/3) // Radius of sphere with volume 1
72
// define wedge coordinates
74 #define L_Wedge ( 5 ) // ( 1 0 . 0 ) // length of wedge
#define Z_Wedge (RADIUS/TANA+2*RADIUS) // depth of wedge
76 #define X_Wedge 10*TANA//Z_Wedge*TANA // width of wedge
78 // define bubble s t a r t i n g coordinates
PARAMETER L_Start= 1.0 // 2.0 // s t a r t i n g length of bubble
80 PARAMETER Z1_Start= 0.5 // s t a r t i n g position for z_1
PARAMETER Z2_Start= 1.5 // s t a r t i n g position for z_2
82 #define X1_Start ( Z1_Start *TANA) // s t a r t i n g position for x_1
#define X2_Start ( Z2_Start *TANA) // s t a r t i n g position for x_2
84 #define BubbleVolume 0.25 // bubble volume ;
86 // Define Global Coordinate System Variables
#define GCS_X ( 0 . 5 ) // x−coordinate length
285
88 #define GCS_Y ( 0 . 5 ) // y−coordinate length
#define GCS_Z ( 0 . 5 ) // z−coordinate length
90
// Define Visual parameters
92 #define Opacity_Bubble ( . 6 5 ) // bubble face opacity
#define Opacity_Wedge ( . 1 2 5 ) // wedge face opacity
94
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
96 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up Constraints
98 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
100 //
// The wall on the p o s i t i v e x−side
102 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 1
104 formula : x = z *TANA
energy : // for contact angle
106 e1 : 0
e2 : −(WALLT* x ) /SINA
108 e3 : 0
110 // The wall on the x=0 symetry plane
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
112 constraint 2
// formula : x = −z *TANA
114 formula : x = 0
// energy : // for contact angle
116 //e1 : 0
//e2 : 0
118 //e3 : 0
120 // The wall y = −L_Wedge ; optional wall at end of wedge
// the wall y = 0 i s symetry plane
122 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 3
124 formula : y = 0 //−L_Wedge
126 // keep free v e r t i c i e s ( not on contact l i n e ) on correct side of wall
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
128 constraint 4 nonnegative
formula : z *TANA−x=0
130
constraint 5 nonnegative
132 // formula : −z *TANA−x=0
formula : x=0
134
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136 constraint in_wedge nonpositive
formula : ( x−z *TANA) * ( x+z *TANA)
138
constraint 6 nonnegative global
140 formula : z=0
142 // Constraints for wedge p i c t o r a l referance only . Not applied to surface .
// The wall on the p o s i t i v e x−side
144 // . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
constraint 7
146 formula : x = z *TANA
energy : // for contact angle
148 e1 : 0
e2 : −(WALLT* x ) /SINA
150 e3 : 0
152 // The wall on the negit ive x−side
// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
154 constraint 8
formula : x = 0
156
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
158 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up P o t i e n t i a l Energy
160 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
162 quantity MY_GRAV energy method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
164 q1 : 0
q2 : BOND* (G_X* x * y + G_Y* y^2/2 + G_Z* y * z )
166 q3 : 0
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
168 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Set Up Center of Mass
170 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
172 quantity XMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
174 q1 : 0
q2 : x * y
176 q3 : 0
178 quantity YMC info_only method f a c e t _ v e c t o r _ i n t e g r a l // f ixed = 0
vector_integrand :
180 q1 : 0
q2 : y^2/2
182 q3 : 0
287
184 quantity ZMC info_only method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
186 q1 : 0
q2 : y * z
188 q3 : 0
190 quantity VOL FIXED = BubbleVolume method f a c e t _ v e c t o r _ i n t e g r a l
vector_integrand :
192 q1 : 0
q2 : y
194 q3 : 0
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
196 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// View Transform ( mirror about y=0 symetry plane )
198 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
200 //
VIEW_TRANSFORM_GENERATORS 2
202 //COLOR 1 4
//SWAP_COLORS
204 1 0 0 0
0 −1 0 0
206 0 0 1 0
0 0 0 1
208
−1 0 0 0
210 0 1 0 0
0 0 1 0
212 0 0 0 1
214 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
216 // Geometery
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
218 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
//
220 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Vert ices
222 // <ID#> <x−coord> <y−coord> <z−coord> <constraints >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
224 v e r t i c e s
226 // _________________________________________________________________________
// Wedge Vert ices
228 //
// x−z plane at y = L_Wedge/2
230 1 0.0 L_Wedge/2 0.0 f ixed constraint 7 constraint 8
2 X_Wedge L_Wedge/2 Z_Wedge f ixed constraint 7
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232
// x−z plane at y = 0
234 4 0.0 0.0 0.0 f ixed constraint 7 constraint 8 // constraint 3
5 X_Wedge 0.0 Z_Wedge f ixed constraint 7 // constraint 3
236
// _________________________________________________________________________
238 // Bubble V e r t i c i e s
//
240
// x−z plane at y = L_Start /2
242 7 X1_Start L_Start /2 Z1_Start constraint 1
8 X2_Start L_Start /2 Z2_Start constraint 1
244 9 0.0 L_Start /2 Z2_Start constraint 2
10 0.0 L_Start /2 Z1_Start constraint 2
246
// x−z plane at y = 0
248 11 X1_Start 0.0 Z1_Start constraint 1 3
12 X2_Start 0.0 Z2_Start constraint 1 3
250 13 0.0 0.0 Z2_Start constraint 2 3
14 0.0 0.0 Z1_Start constraint 2 3
252
// _________________________________________________________________________
254 // Global Coordinate System Vert ices
//
256 100 0.0 0.0 0.0 f ixed
101 GCS_X 0.0 0.0 f ixed
258 102 0.0 GCS_Y 0.0 f ixed
103 0.0 0.0 GCS_Z fixed
260
// _________________________________________________________________________
262 // Gravity vector
//
264 104 1*G_X 1*G_Y 1*G_Z fixed
266
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
268 // Define Edges
// <ID#> < s t a r t vertex > <end vertex > <constraints >
270 // contact l i n e s should be closed loops . . . direct ion matters
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
272 edges
274 // _________________________________________________________________________
// Wedge Edges
276 //
278 // edges on y = L_Wedge/2
1 1 2 f ixed constraint 7 bare no_refine
289
280
// edges p a r a l l e l to y−axis
282 7 1 4 f ixed bare no_refine
8 2 5 f ixed constraint 7 bare no_refine
284
286 // _________________________________________________________________________
// Bubble Edges
288 //
// edges on y = L_Start /2
290 10 10 7 constraint 4 5 6 //in_wedge
11 7 8 constraint 1
292 12 8 9 constraint 4 5 6 //in_wedge
13 9 10 constraint 2
294
// edges on y = 0
296 14 11 14 constraint 3 4 5 color −1
298 16 13 12 constraint 3 4 5 color −1
300 // edges p a r a l l e l to y−axis
18 11 7 constraint 1
302 19 8 12 constraint 1
20 13 9 constraint 2
304 21 10 14 constraint 2
306 // _________________________________________________________________________
// Gravity vector
308 //
104 100 104 f ixed color black bare
310
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
312 // Define Faces ( normal outward , direction of edges must remain constant )
// <ID#> <edge loop> < attr i bu t es >
314 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
316 faces
// _________________________________________________________________________
318 // Bubble Faces
//
320 // y−normal face at L_Start
4 −10 −13 −12 −11 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
322
// z−normal face at Z1_Start
324 5 10 −18 14 −21 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
290
326 // y−normal face at −L_Start
// no not need faces on symetry plane
328
// z−normal face at Z2_Start
330 7 12 −20 16 −19 constraint 4 5 6 tension 1 MY_GRAV XMC YMC ZMC VOL color
l i gh tbl u e opacity Opacity_Bubble // backcolor red
332 // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
// Define Bodies
334 // <ID#> <oriented faces > volume <volume> density <density >
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
336 bodies //one body , defined by i t s oriented faces
1 4 5 7 density 0
338 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
340 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
342 read
344 // apply view transform
transform_expr "ab" // generates 1 transforms
346 transforms on
348 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// r e f i n e mesh
350 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
set edge where f ixed and id >9 color −1
352 set edge where f ixed and id == 5 color −1
set edge where f ixed and id == 2 color −1
354 set edge [104] color red
356 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
// orient geometry in GL window to match notes and f i g u r e s in document .
358 // / /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // /// /// // ///
//show // enter graphics command promt
360 //30u // rotate view up 30 increments
//9 r // rotate view r i g h t 9 increments
362 //3d // rotate view down 3 increments
//m // center view on screen
364 //q // e x i t graphics command promt
366 show
30u9r3d
368 q
Listing C.3: .fe file for bubble in wedge: quarter domain
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Appendix D
The Capillary Beverage Experiment Documentation
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Brandon Wagner PIM Boeing
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Kevin Yu Coating Expert Innosense LLC
Bridget Ziegelaar RIM NASA JSC-OZ
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D.2 Safety Documents
D.2.1 Touch Temperature Analysis
Problem Statement The beverages used in the Capillary Beverage Experiments
aboard the International Space Station (ISS) are required to be below a safe touch tem-
perature Ttouch before being dispensed from the drink bag into the Space Cup. Experts
agree that 45 ◦C is “safe" as it takes up to 2 hours of exposure to produce second de-
gree burns [131–133]. Other groups (listed below) recommend a higher 48.9 ◦C as the
maximum hot water temperature for home use (showers, kitchen faucet, etc.):
1. Southern Building Code Congress International (South)
2. National Association of Plumbing, Heating and Cooling Contractors (NJ, DE, MO,
NE)
3. Council of American Building Officials (Regulate 1 & 2 family homes in U.S.)
4. International Association of Plumbing and Mechanical Officials (West)
5. Building Officials and Code Administrators (Northwest and Midwest)
The conservative approach is to set the safe touch temperature Ttouch = 45 ◦C.
The potable water dispenser (PWD) aboard the ISS has two temperature settings,
hot (Th = 80 ◦C) and room temperature (Tc = 20 ◦C), and dispenses water in 25 ml in-
crements or up to 250 ml. By mixing the hot and room temperature liquid inside the
drink bag, safe temperature liquids can be made while still using constituting bever-
ages at hot temperatures.
Find Determine appropriate amounts of hot and room temperature water which,
when dispensed from the PWD, will produce a mixture temperature less then the safe
touch temperature (Tm < Tt ).
Assume The following assumptions are made during the analysis:
1. The drink bag is isothermal.
2. Water properties are independent of temperature.
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Analysis When liquid at two different temperatures are introduced into a single ves-
sel, like a drink bag, a few things happen:
1. Hot water heats up cold water; cold water cools hot water.
2. Energy lost from hot water equals the energy gained in cold water (see assump-
tion 1).
3. The hot water and cold water will reach the same final temperature.
The energy balance which describes the above is expressed as
qh = qc , (4.1)
where q = mCp∆T is the energy or heat loss of each species, with heat capacity Cp ,
density ρ, volume ∀, and mass m = ρ∀, under a temperature difference ∆T between
the hot (Th) or cold (Tc ) temperature and the final temperature of the mixture Tm .
Subscripts h and c represent initially hot and cold water. Equation (4.1) is rewritten as
ρh∀hCph (Th −Tm)= ρc∀cCpc (Tm −Tc ) (4.2)
Because we have assumed that water’s material properties are independent of temper-
ature (see assumption 2) divide each side of (4.2) by ρCp . Rearrange to yield
∀h
∀c
= Tm −Tc
Th −Tm
. (4.3)
Introduce a fill fraction φ= ∀h∀c
and solve for the mixture temperature Tm .
Tm = Tc +φTh
1+φ . (4.4)
Figure D.2.1 is a smooth plot of Tm as a function of φ. Setting Tm = TTouch and
solving forφ yields the maximum allowable volume fractionφmax = 0.71. However, the
PWD is only capable of volume fractions φ = 0, 0.11, 0.25, 0.43, 0.67, 1, 1.5, 2.3, 4, 9,
and ∞. The PWD preset volume fractions and corresponding mixture temperatures
are overlaid on the plot in figure D.2.1 and tabulated in table D.1.
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Figure D.2.1: Mixture temperature as a function of volume fraction φ. Horizontal dashed
line indicates safe touch temperature Ttouch. Available PWD presets are highlighted on
plot. See table D.1 for tabulated values.
Table D.1: Mixture Temperature Tm at available PDM volume fraction presets. The dashed
horizontal line indicates touch temperature Ttouch. Mixtures above the dashed line are
hotter then touch temperature (Tm > Ttouch), while mixtures below the dashed line are
cooler then touch temperature (Tm < Ttouch).
∀h (ml) ∀c (ml) φ Tm@ Th = 80 ◦C @ Tc = 20 ◦C
250 0 ∞ 80
225 25 9.00 74
200 50 4.00 68
175 75 2.33 62
150 100 1.50 56
125 125 1.00 50
100 150 0.67 44
75 175 0.43 38
50 200 0.25 32
25 225 0.11 26
0 250 0.00 20
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Conclusion From figure D.2.1 and table D.1 the maximum allowable fill fraction the
PWD can safely dispense is 0.67. This translates to 100 ml of hot water (80 ◦C) can be
used to constitute the beverage and cooled with 150 ml of room temperature water to
make a beverage below touch temperature (Tm = 44 ◦C< Ttouch). The crew procedures
should direct crew to constitute beverages in this order to ensure the beverage is below
touch temperature before dispensing into the Space Cup.
Assumption Reevaluation Lets examine the assumption 1. The bag is not really
isothermal. The bag itself starts out at room temperature and will start to cool the hot
water as it enters the bag. Additionally, convection and radiation are modes of heat
transfer that work to cool the bag and the liquid inside during the mixing and filling
stages of beverage preparation. Therefore this assumption is conservative and relax-
ing it will allow for higher fill fractions.
Lets examine the assumption 2. The fluid properties do change with temperature.
Accounting for the change in values equation (4.3) would be written
ρhCph
ρcCpc
∀h
∀c
= Tm −Tc
Th −Tm
. (4.5)
The ratio of property values at different temperatures is replaced with a coefficient
B . Equation (4.5) is rewriten and solved for Tm .
Tm = Tc +BφTh
1+Bφ . (4.6)
Evaluating B for water over the relevant temperature range yield B = 0.98 (see ta-
ble D.2). To put this into perspective figure D.2.2 shows the overlay of equation (4.4)and
(4.6). Since B < 1, assumption 2 is conservative. Since B is so close to 1, relaxing it will
have no impact on practical applications.
Table D.2: Material properties for water at relevant temperatures.
T (◦C) ρ (kg/m3) Cp (kJ/kg·K)
20 998.3 4.183
45 990.2 4.181
80 972 4.193
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Figure D.2.2: Comparing equation 4.4 with 4.6. We have to zoom in inorder to see any
difference between the two, when we do we note that assumption 2 was conservative.
D.2.2 Safety Memos
Memorandums from NASA flight surgeon and Toxicology approving limited use of the
Space Cup for Capillary Beverage experiments.
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D.3 Test Operations Crew Procedures
Test operations are guided by three crew procedures; Setup, Test Operations, Tear
down. The crew procedures are attached below.
D.3.1 Setup Procedures
2.001 CAPILLARY BEVERAGE SETUP
(ocpcall001224) Page 1 of 6 pages
02Jul15
2.001_MGUECAPBEVN001.xml
Parameters 1.
Capillary Beverage Space Cups 1(2)(3)(4)(5)(6)
Space Cup Slot 1(2)(3)
Drink
Water(Kona Coffee, Black)(Kona Coffee, w/ sugar)(Kona
Coffee, w/ cream)(Lemon lime)(Tropical punch)(Mango-
peach smoothie)
Space Cup Orientation Left(Right)(Up)(Down)
OBJECTIVE:
Set up a Space Cup and Space Cup Stand on the Maintenance Work Area and secure with a
#10 fastener. Set up a Camcorder independent from the Maintenance Work Area. Configure
Camcorder to record science data in HD with unique Capillary Beverage Camcorder settings.
TOOLS:
MWA Utility Kit P/N SJG33110310-301
Multi-Use Bracket P/N SEG33107631-301
Scissors (if needed)
32GB Flash Card P/N SEG33123675-301 (two)
Camcorder
Camera
PARTS:
Space Cup (per Parameter Choice in Execution Note)
Space Cup Stand
Drink (per Parameter Choice in Execution Note)
MATERIALS:
Drinking Straw
Dry Wipe
Towel (crew preference, if needed)
Disinfectant Wipes
Aluminum Tape (if needed)
Printer Paper
Sharpie
Drink Bag
MWA   1.  MAINTENANCE WORK AREA SETUP
  1.1  Select a location for the MWA based on the following criteria:
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LIGHTING SHADOWS CAMCORDERMOUNTING ELEMENT
Two lights
should be used –
one shining on
the front of the
Space Cup, one
shining on a
back screen
made of printer
paper.
Avoid shadows
that cross the
Space Cup.
Crew flexibility
and ingenuity is
needed – the
key is to align
the camera
perpendicular to
the axis of the
space cup, and
provide uniform
lighting.
US Lab, or any
NODE with
access to video
connection.
  1.2  Set up MWA Work Surface Area.
:$51,1*
Due to flammability the dry Capillary Beverage cup must be crew
tended or stowed in Nomex bag.
  2.  SPACE CUP INSPECTION
  2.1  Inspect Space Cup 1(2)(3)(4)(5)(6) for Sharpie “x” on rear curved surface
of the cup, visible residual liquid, local discoloration (> 1 mm spots of
opaque coloring), or other sign of contamination (mold growth, foul odor,
etc.) before subsequent use.
  2.2  If Sharpie mark is present:
  Do not drink from a marked Space Cup.
✓POIC for concurrence prior to proceeding.
  2.3  If residual liquid is present:
  Dry cup with dry wipe and inspect.
  2.4  If continued contamination is suspected:
✓POIC for concurrence prior to proceeding, further cleaning with
Disinfectant Wipe, or re-stowage.
  2.5  If Space Cup deemed unfit for drinking.
  Mark a 1 cm x 1 cm “x” on the rear curved surface of the cup with a
sharpie and re-stow.
✓POIC for new Space Cup
  3.  SPACE CUP STAND AND SPACE CUP SETUP
MWA   3.1  Install Space Cup Stand on MWA with #10 fastener from MWA kit. Use
mounting slot A.
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  3.2  Slide the circular base of Space Cup 1(2)(3)(4)(5)(6) into Space Cup
mounting slot 1(2)(3) of Space Cup Stand orientated such that the
primary vertex of the Space Cup should be facing the aisle,
Left(Right)(Up)(Down) of FOV.
  If the cup has a handle,
  The handle should be on the side of the Space Cup facing away from
the camera.
  3.3  Clean fingerprints from Space Cup [Dry Wipe].
NOTE
1. The Printer Paper serves as a diffuse background for the Space Cup
and reflects light to aid in illuminating the vessel from the back.
2. Lighting setup should strive for uniform lighting in front and behind the
Space Cup.
  3.4  Place and secure Printer Paper sheets (three) on the MWA Work Surface
Area as shown in Capillary Beverage MWA Setup1 [Aluminum Tape].
  3.5  Add work lights (two) to illuminate the Space Cup from the front and back
as shown in Capillary Beverage MWA Setup2. Lights should be aimed
indirectly, at the paper.
Camcorder   4.  CAMCORDER SETUP
  4.1  Camera Settings
  As required, refer to 2.103 XF305 CAMCORDER NOMENCLATURE, ,
(US SODF: ISS PTV: 2. Canon XF305) all.
  4.1.1   Notify POIC to report S/N of 32GB Flash Card (two) being inserted
  4.1.2   32GB Flash Card (two) – Install
  4.1.3 ✓Lens Cap removed
  4.1.4   sw POWER → CAMERA
  4.1.5 ✓Viewfinder (LCD) – 'A 78 min'
✓Viewfinder (LCD) – 'B 78 min'
  If not,
  Initialize the CF card
  pb MENU → Press
  sel 'Other Functions'
  pb SET → Press
  sel 'Initialization'
  pb SET → Press
  sel 'CF A(B)'
  pb SET → Press
~
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  sel 'OK'
~
  pb SET → Press
  pb MENU → Press
✓Viewfinder (LCD) – No waveform type information is displayed
  If waveform type information is displayed
  pb WFM → Press (until the information is no longer displayed)
  4.1.6 ✓Viewfinder (LCD)  – '50 Mbps; 1280x720; 60P' displayed
  4.1.7   sw FULL AUTO → OFF (Capillary Beverage unique setting)
  4.1.8   sw ND FILTER → OFF (ND information not displayed in LCD or
Viewfinder)
  4.1.9   sw FOCUS → M (Capillary Beverage unique setting)
  4.1.10  sw IRIS → M (Capillary Beverage unique setting)
  4.1.11✓ZOOM – ROCKER
  4.1.12✓SHUTTER – OFF
  4.1.13✓sw AGC – OFF (Capillary Beverage unique setting)
  4.1.14✓sw GAIN – L
  4.1.15✓sw AWB – ON
  4.1.16✓sw AUDIO LEVEL - Ch1, Ch2 – A
  4.1.17✓sw AUDIO IN - CH1, CH2  – INT (Located above the XLR audio
inputs)
NOTE
The Internal Camcorder Microphone will be used. If crew desires
to mute audio when not needed, the AUDIO IN CH1, CH2
switches may be set to EXT. They must be set to INT when
audio calls are required.
  4.1.18✓sw LINE/MIC - CH1, CH2 – MIC (Located in front of the camera
next to the XLR audio inputs)
  4.2  Capillary Beverage Unique Camcorder Activities
CAUTION
Camcorder should be positively mounted independently of the MWA to
minimize vibration and ensure accurate capture of the Space Cup
motion.
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  4.2.1   Mount the Camcorder and Multi-Use Bracket(s) taking into
consideration the following constraints:
MULTI-USE
BRACKET(S)
CAMCORDER
LENS
CAMCORDER
SETUP
CAMCORDER
WORKING
DISTANCE
Mount the
Multi-use
Bracket(s) to
either an
overhead or
deck seat
track or
handrail.
Mount the
Camcorder to
the Multi-use
Bracket(s).
Mounting
directly to the
MWA is not
acceptable.
XF 305 Wide
Angle Lens
Attachment
NOT installed.
The
Camcorder
setup needs to
provide the
desired field of
view for the
Space Cup
vessel
undergoing
operations.
Final
adjustments to
the Camcorder
setup are
completed
once the field
of view is
verified in
each individual
Capillary
Beverage
procedure.
The face of the
lens on the
Camcorder will
need to be at
least eighteen
(18) inches
from the face
of the Space
Cup vessel to
ensure the
ability to focus
and to reduce
lensing effects
such as
fisheye.
  4.2.2   Clean Camcorder lens as needed for best video imagery.
NOTE
1. Top Picture: Cup is on the right side of the FOV, as seen
through camera.
2. Bottom Picture: Cup is on the left side of the FOV as seen
through camera.
Camcorder   4.2.3   Rotate Camcorder 0 degrees and position it so that the field of
view shows a closeup of the space cup.
  Set the FOV (Capillary Beverage Right Hand Side FOV3)
(Capillary Beverage Left Hand Side FOV4)
Drink   5.  DRINK SETUP
  5.1  Mix drink Water(Kona Coffee, Black)(Kona Coffee, w/ sugar)(Kona
Coffee, w/ cream)(Lemon lime)(Tropical punch)(Mango-peach smoothie).
  5.1.1   Mate selected drink to potable water dispenser.
  5.1.2   Reconstitute beverage with appropriate amount of water into drink
bag per bag directions.
  If room temperature beverage,
~
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  Dispense as directed on label.
~
  If 'hot' temperature beverage,
  First, dispense 100 ml of hot water in the drink bag.
  Agitate bag to mix drink, then add 150 ml of room temperature
water.
  5.1.3   Remove bag from dispenser.
  5.1.4   Insert drinking straw into drink bag.
  5.1.5 ✓Drinking straw valve closed
  5.2  Place drink near MWA for easy access once operations begin.
  5.3  Photo document setup from multiple angles.
Ground should update IMS for the following parts:
MWA Utility Kit P/N SJG33110310-301 TO: Proximity of MWA Work Surface Area (step 1.2)
Multi-Use Bracket P/N SEG33107631-301 TO: Proximity of MWA Work Surface Area (step 1.1)
Space Cup TO: MWA (step 3.2)
Space Cup Stand TO: MWA (step 3.1)
Drink TO: Drinking Bag (step 5)
32GB Flash Card P/N SEG33123675-301 TO: Installed (step 4.1.2)
#10 Fastener TO: MWA (step 3.1)
Dry Wipe TO: Common Trash (step 5.2)
Drinking Straw TO: Drinking Bag (step 5.1.4)
Drink Bag TO: Proximity of MWA (step 5.2)
Printer Paper TO: MWA (step 3.4)
Referenced Images
1)
2)
3)
4)
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D.3.2 Test Operations Procedures
2.002 CAPILLARY BEVERAGE TEST OPERATIONS
(PB3-01-1476) Page 1 of 5 pages
10Mar15
2.002_MGUECAPBEVN002.xml
OBJECTIVE:
Use a Capillary Beverage Space Cup to observe fluid interface and critical wetting behavior
during drinking/draining. Use Camcorder to downlink science video during AOS and record
HD video during all test operations.
TOOLS:
32GB Flash Card (two) (if required)
MATERIALS:
Towel (crew preference, if needed)
Ziplock Bag
Sharpie
Dry Wipe
WARNING
Due to flammability the dry Capillary Beverage cup must be crew tended or
stowed in Nomex bag.
NOTE
1. This procedure requires Real-Time video downlink using the Camcorder
during AOS. The entire test operations are continuously recorded using the
Camcorder. Recorded science video will be downlinked at a later time.
2. Bubbles and sediment in the Space Cup are normal and expected. No
action is necessary other than fluid deployment as described below. Once
deployed, the bubbles will find their way to the surface and pop during
subsequent testing.
  1.  CARD CHANGEOUT
  If 32GB Flash Card changeout required at this time:
  Eject 32GB Flash Card (two).
  Keep all Capillary Beverage cards together for file transfer at a later time.
✓POIC to report S/N of new 32GB Flash Card being inserted
  32GB Flash Card A(B) → Install
  2.  TEST PREPARATION
  2.1   If first time performing test operations
  Retrieve Ziplock Bag and label “Capillary Beverage Video for
Transfer”. [Sharpie]
Camcorder   2.2 ✓Camcorder for Capillary Beverage entire Field of View
  (Capillary Beverage Right Hand Side FOV1) (Capillary Beverage Left
Hand Side FOV2)
✓Camcorder view is orthogonal to Space Cup profile
  Gauge by eye checking both the top and side view(s) of Space Cup.
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  2.3   Set exposure by adjusting Aperture Ring until ZEBRA pattern appears in
Viewfinder/LCD.
  Ideal setting is just at/below the point where ZEBRA lines appear on
background. (ZEBRA lines only visible to crew)
  2.4 ✓No fluid in cup
  If fluid exists,
  Wipe dry with towel.
  2.5 ✓POIC to confirm camera configuration meets science requirements
before starting operations for the day
  3.  SPACE CUP FILL TEST
NOTE
1. During AOS, and with the camera recording, the crew opens the drink bag
valve and dispenses the drink into the Space Cup along the primary
interior corner of the cup.
2. The rate and volume of the fill process is regulated by the astronaut and
Ground during real-time communication.
3. The rate of fill will begin slowly and increase with time and experience.
Drinks that are mixed to different levels with different agitation intensities
will be injected at different rates to observe different aspects of the
multiphase fluid phenomena (solid-liquid-gas).
Space Cup
Stand
  3.1 ✓#10 Fastener is securely tightened
  Minimize fingerprints on Space Cup surfaces.
Space Cup   3.2 ✓Space Cup is secure in Space Cup Stand
Camcorder   3.3   Start Camcorder recording
✓Red circle displayed in LCD or Viewfinder indicating recording
✓sw audio in CH1, CH2 – INT
  Voice into the microphone and report the following, GMT (ddd:hr:min),
“Capillary Beverage Fill Test", and the cabin air temperature.
  3.4 ✓POIC amount of additional drink agitation required
  3.5   Place drink bag straw in the cup.
  3.6   Open drink straw valve.
  3.7   Slowly apply pressure to the drink bag and fill the Space Cup.
  Instructions on fill speed changes will be provided as necessary.
  3.8   Slowly remove drink straw from the Space Cup.
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  3.9   After drink is dispensed into Space Cup.
✓POIC for wait time
*********************************************************************************
  If spillage occurs during fill,
  Absorb with Dry Wipe or Towel.
*
*
*
*
*
*
*
*
*********************************************************************************
  4.  STAGGERED DRINKING TEST
NOTE
1. Sipping and drinking beverage from the Space Cup will be performed in
deliberate, metered actions.
2. Approximately 10 drinks to drain the Space Cup are expected for nominal
tests with pauses of approximately 1 minute between drinks for re-
establishment of equilibrium conditions.
3. Each fill and drink-dry (i.e., drain) procedure is expected to take 30
minutes.
Space Cup
Stand
  4.1 ✓#10 Fastener is securely tightened
Space Cup   4.2 ✓Space Cup is secure in Space Cup Stand
Camcorder   4.3 ✓Camcorder for Capillary Beverage entire FOV
  (Figure 1)
✓Camcorder view is orthogonal to Space Cup profile.
  Gauge by eye checking both the top and side view(s) of Space Cup.
  4.4 ✓Red circle displayed in LCD or Viewfinder indicating recording
  4.5 ✓sw audio in CH1, CH2 – INT
  Voice into the microphone and report the following, GMT (ddd:hr:min),
“Capillary Beverage Fill Test", and the cabin air temperature.
Space Cup   4.6   Gently lower lips to the cup lip to establish capillary connection between
the bulk liquid and crew lips.
  4.7   Slowly pull a nominal amount of liquid out of the cup and pull lips away
from the cup.
CAUTION
Pull liquid from cup at a rate that ensures capillary connection between
bulk drink and crew lips is maintained.
  4.8 ✓POIC for wait time
  4.9   Repeat step 4.6 to step 4.8 for ten swallows or until cup is drained.
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  4.10  With a Dry Wipe, wipe out any residual liquid in the cup.
  4.11  On POIC GO
  4.12  Repeat step 3.5 to step 4.10.
  5.  SUSTAINED DRINKING TEST
NOTE
1. Once the initial configuration is accepted on the ground, the crew will
perform a long single draw from the cup, maximizing the drain rate without
breaking capillary connection with the liquid.
2. Each fill and drink-dry (i.e., drain) procedure is expected to take 30
minutes.
Space Cup
Stand
  5.1 ✓#10 Fastener is securely tightened
Space Cup   5.2 ✓Space Cup is secure in Space Cup Stand
  5.3   Repeat step 3.5 through step 3.9.
  5.4 ✓Beverage Level is at desired location
Camcorder   5.5 ✓Camcorder for Capillary Beverage entire Field of View
  (Figure 1)
✓Camcorder view is orthogonal to the front face of the Capillary Beverage
Space Cup
  Gauge by eye checking both the top view and the side view.
  5.6 ✓Red circle displayed in LCD or Viewfinder indicating recording
  5.7 ✓sw audio in CH1, CH2 – INT
  Voice into the microphone and report the following, GMT (ddd:hr:min),
“Capillary Beverage Fill Test", and the cabin air temperature.
Space Cup   5.8   Gently lower lips to the cup lip to establish capillary connection between
the bulk liquid and crew lips.
  5.9   Slowly pull a nominal amount of liquid out of the cup and pull lips away
from the cup.
  Repeat until Space Cup is fully drained.
Camcorder   5.10  Stop Camcorder recording.
  pb Start/Stop → Press
  5.11  With a Dry Wipe, wipe out any residual liquid in the cup.
  6.  POST TEST OPERATIONS
Camcorder   6.1   Eject 32GB Flash Card(s).
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  6.2   If Capillary Beverage-H/W-STOW is not your next activity,
  Stow 32GB Flash Card(s) in Ziplock Bag labeled, “Capillary
Beverage Video for Transfer” for transfer at a later time.
Ground should update IMS for the following parts:
32GB Flash Card TO: Ziplock Bag (step 6.2)
Dry Wipe TO: Common Trash (step 1)
Ziplock Bag TO: Temp stow (step 2.1)
Referenced Images
1)
2)
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D.3.3 Teardown Procedures
2.003 CAPILLARY BEVERAGE STOW
(ocpcall001224) Page 1 of 2 pages
02Jul15
2.003_MGUECAPBEVN003.xml
OBJECTIVE:
Transfer the Capillary Beverage video to SSC(s) and stow Space Cup Stand(s) and Space
Cup(s) and supporting equipment. Return Camcorder settings to default parameters.
PARTS:
Softgood Bag
WARNING
Due to flammability the dry Capillary Beverage cup must be crew tended or
stowed in Nomex bag.
MWA   1.  CAPILLARY BEVERAGE VIDEO FILE TRANSFER
  1.1  Transfer video from Capillary Beverage test operations to "GMT XXX
Capillary Beverage" folder in Videos for Downlink\For Huntsville.
  1.2  After video transfer, place 32GB Flash Card(s) in a Ziplock Bag labeled,
"Capillary Beverage Video for Transfer" and stow with Capillary
Beverage vessels until released by the Payload Investigator.
  2.  CAPILLARY BEVERAGE STOW
Space Cup   2.1  Retrieve Softgood Bag.
  2.2  Rinse Space Cup with water then dry out with a towel.
Space Cup
Stand
  2.3  Remove Space Cup from Space Cup Stand, wipe surfaces with
disinfectant wipe, visibly dry with dry wipe, and stow in Softgood Bag.
  2.4  Remove #10 Fastener from Space Cup Stand and return to MWA Utility
Kit.
  2.5  Remove Space Cup Stand from MWA and stow in Softgood Bag.
  3.  CAMCORDER RECONFIGURATION
Camcorder   3.1  Reconfigure camera settings:
  sw FOCUS → A
  sw IRIS → A
  sw AGC → ON
  pb ZEBRA → Press
  sw FULL AUTO → ON
  4.  HARDWARE STOW
  4.1  Stow equipment per Stowage Note.
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Ground should update IMS for the following parts:
Space Cup TO: Stow (step 4.1)
Space Cup Stand TO: Stow (step 4.1)
MWA Utility Kit TO: Stow (step 4.1)
Multi-Use Bracket TO: Stow (step 4.1)
Paper TO: Common Trash (step 4.1)
Drink Bag TO: Common Trash (step 4.1)
Aluminum TO: Common Trash (step 4.1)
Drinking Straw TO: Common Trash (step 4.1)
Dry Wipe TO: Common Trash (step 4.1)
#10 Fastener TO: MWA Utility Kit (step 2.4)
32GB Flash Card TO: Stow (step 4.1)
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D.3.4 Referenced Images
The crew electronic versions of the crew procedures hyperlink to three images; Capil-
lary Beverage MWA Setup, Capillary Beverage Right Hand Side FOV, and Capillary Bev-
erage Left Hand Side FOV. These Images are provided below.
Figure D.3.3: Capillary Beverage MWA Setup referenced in crew procedures. Photo created
by Bradley Wollman.
316
Figure D.3.4: Capillary Beverage Left Hand Side FOV referenced in crew procedures
Figure D.3.5: Capillary Beverage Right Hand Side FOV referenced in crew procedures
317
D.4 Engineering Drawings
The engineering drawings for the Capillary Beverage hardware are included below.
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MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 12.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
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REVISIONS
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A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-001 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-001 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3   AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2   AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-001 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-001 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-001
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C
CLEAR COATED BY VENDER (SOLID CONCEPTS)1.
MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 22.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
INSTRUCTIONS
ADDITIONAL HYDROPHILIC COATING
VENDER: INOSENCE
MATERIAL: TBD
QTY: 0.0036+-0.0003g
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-002 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-002 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-002
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3   AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2   AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-002 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-002 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-002
SHEET 2 OF 2
UNLESS OTHERWISE SPECIFIED:
SCALE: 1:2 MASS: 35.83 g
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C
CLEAR COATED BY VENDER (SOLID CONCEPTS)1.
MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 32.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
INSTRUCTIONS
ADDITIONAL HYDROPHILIC COATING
VENDER: INOSENCE
MATERIAL: TBD
QTY: 0.0036+-0.0003g
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-003 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-003 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-003
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3   AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2   AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-003 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-003 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-003
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BOTTOM VIEW
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3 C
C
CLEAR COATED BY VENDER (SOLID CONCEPTS)1.
MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 42.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
INSTRUCTIONS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-004 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-004 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-004
SHEET 1 OF 2
UNLESS OTHERWISE SPECIFIED:
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3   AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2   AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-004 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-004 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-004
SHEET 2 OF 2
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USED IN ANY WAY DETRIMENTAL TO IRPI, LLC'S INTERESTS.
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BOTTOM VIEW
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2 C
C
CLEAR COATED BY VENDER (SOLID CONCEPTS)1.
MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 52.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
INSTRUCTIONS
ADDITIONAL HYDROPHILIC COATING
VENDER: INOSENCE
MATERIAL: TBD
QTY: 0.0036+-0.0003g
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-005 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-005 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-005
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3   AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2   AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-005 1 SPACE CUP, 120 - 150 ml ACCURA 60
2 7001-7001-005 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 120 - 150 ml
7001-2010-005
SHEET 2 OF 2
UNLESS OTHERWISE SPECIFIED:
SCALE: 1:2 MASS: 31.29 g
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USED IN ANY WAY DETRIMENTAL TO IRPI, LLC'S INTERESTS.
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B
C
C
CLEAR COATED BY VENDER (SOLID CONCEPTS)1.
MFG: 5 STAR
PN: FS-5185-G (X-TREME 4.4 VOC KLEARCOAT)
MATERIAL: POLYURETHANE
QTY: TBD g
OPNOM: Space Cup 62.
SEE SHEET2 FOR LABEL AND VELCRO APPLICATION 3.
INSTRUCTIONS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0001
B
ADDED VELCRO COIN TO ASSY 
ADDED INSTRUCTIONS
UPDATED NOTES
10/27/2014 A. WOLLMAN 7001-0003
C
ADDED CUP NUMBER TO VELCRO
ADDED BLACK SPACER
UPDATED NOTES
12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-006 1 SPACE CUP, 60 - 75 ml ACCURA 60
2 7001-7001-006 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 60-75 ml
7001-2010-006
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LABEL AND VELCRO APPLICATION INSTRUCTIONS
CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
PEEL TAPE BACKING FROM 3  AND PRESS FIRMLY 2.
INTO PLACE AT THE CENTER OF THE INSET.
PEEL TAPE BACKING FROM 2  AND PRESS FIRMLY 3.
INTO PLACE AT THE CENTER OF CUP FOOT.
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 4.
HOURS
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5001-006 1 SPACE CUP, 60 - 75 ml ACCURA 60
2 7001-7001-006 1 VELCRO COIN, 5/8" POLYESTER
3 7001-2013 1 DISC, BLACK SPACER
ASSY, SPACE CUP 60-75 ml
7001-2010-006
SHEET 2 OF 2
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SCALE: 1:2 MASS: 26.96 g
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REPRODUCED WITHOUT WRITTEN PERMISSION AND SHALL NOT BE 
USED IN ANY WAY DETRIMENTAL TO IRPI, LLC'S INTERESTS.
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OP NOM 
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4X CUP MOUNT SLOT ID 
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SIZE: 24 PT)
3X FASTENER SLOT 
AND HOLE ID 
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SIZE: 22 PT) D
2
1HYBRID PART 
NUMBER AND 
SERIAL NUMBER
(FONT: ARIAL, 
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D
B
 63.34 
OPNOM: Space Cup Stand 11.
5/8" VELCRO HOOK COIN TO BE PLACED AT SHOWN 2.
LOCATION
SEE SHEET2 FOR VELCO APPLICATION INSTRUCTIONS3.
D
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/24/2014 A. WOLLMAN 7001-0001
B
VELCRO INSET DEPTH CHANGED FROM 0.5 TO 1.3 
ADDED VELCRO COIN TO ASSEMBLY 
TIGHTENED UP THE MOUNTING SLOTS (-0.2)
11/11/2014 A. WOLLMAN 7001-0003
C
CHANGED “IRPI LLC” TO “Space Cup Stand”
MOVED PART NUMBER
CHANGED MOUNT LABELS TO LETTERS
12/8/2014 A.WOLLMAN 7001-0004
D UPDATED VIEWS AND NOTES FOR THE STAND 12/29/2014 A. WOLLMAN 7001-0005
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5002-001 1 SPACE CUP STAND ULTEM 9085
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CLEAN AND DRY SURFACE BEFORE APPLICATION1.
PEEL TAPE FROM FASTENER AND PRESS FIRMLY INTO 2.
PLACE
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 3.
HOURS
VELCRO COIN APPLICATION INSTRUCTIONS
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5002-001 1 SPACE CUP STAND ULTEM 9085
2 7001-7001 1 VELCRO COIN, 5/8" POLYESTER
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OPNOM: Space Cup Stand 21.
5/8" VELCRO HOOK COIN TO BE PLACED AT SHOWN 2.
LOCATION
SEE SHEET2 FOR VELCO APPLICATION INSTRUCTIONS3.
D
D
D
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/24/2014 A. WOLLMAN 7001-0001
B
VELCRO INSET DEPTH CHANGED FROM 0.5 TO 1.3 
ADDED VELCRO COIN TO ASSEMBLY 
TIGHTENED UP THE MOUNTING SLOTS (-0.2)
11/11/2014 A. WOLLMAN 7001-0003
C
CHANGED “IRPI LLC” TO “Space Cup Stand”
MOVED PART NUMBER
CHANGED MOUNT LABELS TO LETTERS
12/8/2014 A.WOLLMAN 7001-0004
D UPDATED VIEWS AND NOTES FOR THE STAND 12/29/2014 A. WOLLMAN 7001-0005
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5002-002 1 SPACE CUP STAND ULTEM 9085
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VELCRO COIN APPLICATION INSTRUCTIONS
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5002-002 1 SPACE CUP STAND ULTEM 9085
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OPNOM: SOFTGOOD BAG1.
5/8" VELCRO LOOP COIN TO BE PLACED AT SHOWN 2.
LOCATION
SEE SHEET2 FOR VELCRO APPLICATION INSTRUCTIONS3.
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/13/2014 A. WOLLMAN 7001-0003
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-5003 1 SOFTGOODS BAG NOMEX
2 7001-7002 8 VELCRO COIN, 5/8" TEFLON
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VELCRO DOT LOCATIONS FOR SPACE CUPS AND SPACE CUP STANDS
CLEAN AND DRY SURFACE BEFORE APPLICATION1.
PEEL TAPE FROM FASTENER AND PRESS FIRMLY INTO 2.
PLACE
ADHESIVE REACHES MAXIMUM STRENGTH AFTER 24 3.
HOURS
DIMENSIONS ARE FROM INSIDE WALL4.
FINAL LOCATIONS TBD
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ITEM NO. PART NUMBER OPEN/QTY. DESCRIPTION Material
1 7001-5003 1 SOFTGOODS BAG NOMEX
2 7001-7002 8 VELCRO COIN, 5/8" TEFLON
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CLEAN AND DRY SURFACE BEFORE APPLICATION.1.
SECURE 2   TO 1  .2.
CUT COUPON USING EC SOFTGOODS LAB 3.
LASER CUTTER OR EQUIVELENT.
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE 12/16/2014 A. WOLLMAN 7001-0004
ITEM NO. PART NUMBER QTY. DESCRIPTION Material
1 7001-7006 1 DISC, BLACK SPACER PE Low/Medium Density
2 7001-7005 1 DOUBLE SIDED TAPE Acrylic (Medium-high impact)
DISC, BLACK SPACER
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SECTION A-A
TECHNOLOGY: SLA PREMIUM1.
MATERIAL: ACCURA 602.
FINISH: OUTSIDE AND INSIDE MASTER3.
SURFACE TREATMENT:  CLEAR COAT4.
THICKNESS NOT TO EXCEED 0.2
TOLERANCES DETERMINED BY PRINTER SPECS5.
MATERIAL CERT REQUIRED FROM VENDER6.
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/22/2014 A. WOLLMAN 7001-0003
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SECTION A-A
TECHNOLOGY: SLA PREMIUM1.
MATERIAL: ACCURA 602.
FINISH: OUTSIDE AND INSIDE MASTER3.
SURFACE TREATMENT:  CLEAR COAT4.
THICKNESS NOT TO EXCEED 0.2
TOLERANCES DETERMINED BY PRINTER SPECS5.
MATERIAL CERT REQUIRED FROM VENDER6.
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A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/22/2014 A. WOLLMAN 7001-0003
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SECTION A-A
TECHNOLOGY: SLA PREMIUM1.
MATERIAL: ACCURA 602.
FINISH: OUTSIDE AND INSIDE MASTER3.
SURFACE TREATMENT:  CLEAR COAT4.
THICKNESS NOT TO EXCEED 0.2
TOLERANCES DETERMINED BY PRINTER SPECS5.
MATERIAL CERT REQUIRED FROM VENDER6.
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
A INITIAL DESIGN AND RELEASE TO PROTOTYPE 10/22/2014 A. WOLLMAN 7001-0003
SPACE CUP, 120 - 150 ml
7001-5001-003
SHEET 1 OF 2
UNLESS OTHERWISE SPECIFIED:
SCALE: 1:2 MASS: 33.42 g
REVDWG.  NO.
A
SIZE
TITLE:
NAME DATENOTES:
CHECKED
ENGINEERDO NOT SCALE DRAWING
DIMENSIONS ARE IN MILLIMETERS
INTERPRET PER ANSI Y14.5-2009
TOLERANCES:
ANGULAR: 
X.X
X.XX   
X.XXX 
PROPRIETARY AND CONFIDENTIAL
THIS DRAWING AND ALL INFORMATION THEREIN IS THE PROPERTY OF 
IRPI, LLC, AND IS CONFIDENTIAL. IT MUST NOT BE MADE PUBLIC OR 
REPRODUCED WITHOUT WRITTEN PERMISSION AND SHALL NOT BE 
USED IN ANY WAY DETRIMENTAL TO IRPI, LLC'S INTERESTS.
5 4 3 2 1
 0.5
 0.3
 0.2
 0.03
IRPI
A
A. WOLLMAN
M. WEISLOGEL 10/22/2014
10/22/2014
W/ HANDLE, W/ LIP
APPROVED
THIRD ANGLE PROJECTION
R. JENSON 10/22/2014
343
BB
DD
E
E
F
F
G
G
HH
C
C
SECTION B-B
SECTION D-D
SECTION E-E
SECTION F-F
SECTION G-G
SECTION H-H
SECTION C-C
REVISIONS
REV. DESCRIPTION DATE APPROVED ECO
- See Sheet1 - - -
SPACE CUP, 120 - 150 ml
7001-5001-003
SHEET 2 OF 2
UNLESS OTHERWISE SPECIFIED:
SCALE: 1:1 MASS: 33.42 g
REVDWG.  NO.
A
SIZE
TITLE:
NAME DATENOTES:
CHECKED
ENGINEERDO NOT SCALE DRAWING
DIMENSIONS ARE IN MILLIMETERS
INTERPRET PER ANSI Y14.5-2009
TOLERANCES:
ANGULAR: 
X.X
X.XX   
X.XXX 
PROPRIETARY AND CONFIDENTIAL
THIS DRAWING AND ALL INFORMATION THEREIN IS THE PROPERTY OF 
IRPI, LLC, AND IS CONFIDENTIAL. IT MUST NOT BE MADE PUBLIC OR 
REPRODUCED WITHOUT WRITTEN PERMISSION AND SHALL NOT BE 
USED IN ANY WAY DETRIMENTAL TO IRPI, LLC'S INTERESTS.
5 4 3 2 1
 0.5
 0.3
 0.2
 0.03
IRPI
A
A. WOLLMAN
M. WEISLOGEL 10/22/2014
10/22/2014
W/ HANDLE, W/ LIP
APPROVED
THIRD ANGLE PROJECTION
R. JENSON 10/22/2014
344
 82.03 
 2 
A
A
 94.01 
 62.57 
 25 
UPPER LEVEL ASSY
PART NUMBER 
(FONT: ARIAL, 
FORMAT: BOLD, 
SIZE: 14 PT)
5/8" VELCRO COIN 
INSET (0.75)
BOTTOM VIEW
WALL THICKNESS
1.50
SECTION A-A
TECHNOLOGY: SLA PREMIUM1.
MATERIAL: ACCURA 602.
FINISH: OUTSIDE AND INSIDE MASTER3.
SURFACE TREATMENT:  CLEAR COAT4.
THICKNESS NOT TO EXCEED 0.2
TOLERANCES DETERMINED BY PRINTER SPECS5.
MATERIAL CERT REQUIRED FROM VENDER6.
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